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PREFACE 


For  more  than  a decade,  no  volume  on  the  general 
aspects  of  ladybirds  has  been  published,  although  the 
predaceous  major  part  of  this  coleopteran  family 
represents  an  important  component  of  the  natural 
enemies  of  Sternorrhyncha  (aphids,  coccids,  aleyro- 
dids  and  psyllids).  These  sucking  insects  are  among 
the  most  dangerous  pests  of  crops,  as  under  suitable 
conditions  their  populations  increase  exponentially, 
especially  when  parthenogenesis  and  viviparity 
occur. 

Although  classical  biological  control  with  coccinel- 
lids  has  recently  been  mostly  abandoned,  the  increasing 
concern  about  chemical  pest  control  has  increased  the 
need  for  modern  types  of  biological  control,  mostly 
involving  conservation  and  augmentation,  within 
the  framework  of  integrated  pest  management.  For 
the  success  of  these  sophisticated  methods  of  control, 
precise  knowledge  of  behaviour  and  ecological  rela- 
tions is  indispensable. 

Such  knowledge,  particularly  in  the  areas  of  ethol- 
ogy and  molecular  genetics,  has  accumulated  in  the 
last  decade  and  reviewing  these  areas  is  an  important 
novel  contribution  of  this  book.  We  hope  that,  at  this 
stage,  it  will  help  to  improve  conservation  and  aug- 
mentation control,  but  also  that  it  will  stimulate 
further  research. 

The  book  was  very  unfortunately  interrupted  by 
the  premature  death  of  Professor  Michael  Majerus, 
Department  of  Genetics,  Cambridge  University,  who 
was  our  proposed  author  for  Chapters  2 and  8.  We 
were  extremely  lucky  to  find  very  able  successors,  John 
Sloggett  (Chapter  2),  and  Helen  Roy  and  Remy  Poland 


(for  parasites  and  pathogens  in  Chapter  8),  who  fulfilled 
their  task  with  great  success.  Many  thanks  ! 

We  should  like  to  thank  the  other  authors  of  chap- 
ters for  contributing  their  expertise  so  readily  and  for 
reacting  so  positively  and  constructively  to  our 
suggestions  for  revision.  We  are  also  grateful  for 
the  expert  help  we  have  received  with  taxonomic 
nomenclature:  Dr  0.  Nedvai  of  the  University  of  South 
Bohemia,  Czech  Republic,  and  from  the  UK  Drs  V.F. 
Eastop,  C.H.  Lyal  and  D.J.  Williams  (Natural  History 
Museum),  Drs  R.T.V.  Fox  and  S.L.Jury  (University  of 
Reading)  and  Professor  D.L.J.  Quicke  (Imperial  College). 
Dr  Lyal  deserves  additional  thanks  for  his  advice  in 
relation  to  Chapter  1 . 

We  should  also  like  to  thank  Dr  Ward  Cooper  of 
Wiley-Blackwell  for  enthusiastically  agreeing  to 
publish  our  book  and  Mr  Kelvin  Matthews  for  his  help 
with  the  publication  process.  We  should  also  like  to 
thank  the  other  Wiley-Blackwell  staff  who  have  worked 
so  helpfully  and  efficiently  on  the  production  of  this 
book. 

Ivo  Hodek 

Ceske  Budejovice,  Czech  Republic 

Helmut  F.  van  Emden 
Reading,  UK 

Alois  Honek 
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INTRODUCTION 


The  reader  may  find  the  following  information  helpful 
in  order  to  use  the  book  more  easily. 

To  keep  the  flow  of  the  text  unbroken  and  to  save 
repetition  and  space,  taxonomic  affiliations  of  organ- 
isms and  species  authorities  are  given  only  in  the  Taxo- 
nomic Glossary  (following  section,  while  the  Subject 
Index  is  at  the  end  of  book,  as  usual).  Readers  should 
also  note  that  the  Latin  names  as  given  in  this  glossary 
are  used  in  the  text  and  tables,  and  therefore  may  not 
be  the  same  as  the  older  Latin  names  given  in  the  origi- 
nal papers  cited.  However,  because  the  species  names 


have  usually  not  changed,  and  the  older  names  are  also 
listed  in  the  glossary,  any  confusion  will  be  avoided. 

The  very  common  generic  names  are  always  abbre- 
viated as  follows  throughout  the  text  of  all  chapters:  A. 
for  Adalia;  C.,  Coccinella;  Cei:,  Ceratomegilla;  ChiL,  Chilo- 
coriis;  CoL,  Coleomegilla;  Har.,  Harmonia:  Hip.,  Hippoda- 
jjiia;  P..  Pwpylea. 

Some  phenomena  are  discussed  in  more  than  one 
chapter  in  the  book,  but  from  different  angles:  the 
reader’s  attention  is  directed  to  this  by  cross-references 
to  the  section  number. 


XIX 


TAXONOMIC 

GLOSSARY 


With  common  names  where  appropriate 

Coleoptera:  Family  Coccinellidae 

Synonyms  [in  square  brackets]  as  well  as  currently 
valid  names  are  listed  in  alphabetical  order. 

Adalia  bipimctata  (L.)  - two  spot  ladybird  [Adalia 
fasciatopimctata  (Faldermann)] 

Adalia  conglomerata  (L.) 

Adalia  decempunctata  (L.)  - ten  spot  ladybird 
Adalia  deflciens  Mulsant 
[Adalia  fasciatopunctata  (Faldermann)]  = Adalia 
bipimctata  (L.) 

[Adalia  flavomacidata  (De  Geer)]  = Lioadalia 
flavomaculata  (De  Geer) 

Adalia  tetraspilota  (Hope) 

[Adonifl]  = Hippodamia 

[Adonia  arctica  (Schneider)]  = Hippodamia  arctica 
(Schneider) 

[Adonia  variegata  (Goeze)]  = Hippodamia  variegata 
(Goeze) 

Afidenta  misera  (Weise)  [Afidenta  mimetica  Dieke] 
Aphidentula  bisquadripunctata  (Gyllenhal)  [Epilachna 
bisquadripimctata  (Gyllenhal)] 

Aflssula  rana  Kapur 
Afissida  sanscrita  (Crotch) 

Aiolocaria  hexaspilota  (Hope)  [Aiolocaria  mirabilis 
(Motschulsky)] 

[Aiolocaria  mirabilis  (Motschulsky)]  = Aiolocaria 
hexaspilota  (Hope) 

Alloneda  dodecaspilota  (Hope) 

Anatis  halonis  Lewis 

Anatis  labiculata  (Say)  - fifteen  spotted  lady  beetle 
Anatis  mali  (Say)  - eyespotted  lady  beetle 
Anatis  ocellata  (L.)  - eyed  ladybird 


Anatis  quindecimpunctata  (DeGeer) 

Anegleis  cardoni  (Weise) 

[Anisolemnia  dilatata  (F.)]  = Megalocaria  dilatata  (F.) 
Anisolemnia  tetrasticta  Fairmaire 
Anisosticta  bitriangularis  (Say) 

Anisosticta  novemdecimpunctata  (L.)  - water  ladybird 
Anisosticta  sibirica  Bielawski 
Aphidecta  obliterata  (L.)  - larch  ladybird 
Apolinus  lividigaster  (Mulsant)  [Scymnodes  lividigaster 
(Mulsant)] 

Axinoscymnus  cardilobus  Ren  & Pang 
[Azya  trinitatis  (Marshall)]  = Pseudoazya  trinitatis 
(Marshall) 

Azya  orbigera  Mulsant 

Brachiacantha  quadripunctata  Melsheimer 

Brachiacantha  iirsina  (F.) 

Brumoides  septentrionis  (Weise) 

Brumoides  suturalis  (F.)  - three-striped  lady  beetle 
[Brumus  suturalis  (Mani)] 

[Brunius  quadripustulatus  (L.)]  = Exochomus 
quadripustulatus  (L.) 

[Brunius  suturalis  (Mani)]  = Brumoides  suturalis  (F.) 
Bulaea  lichatschovi  (Hummel) 

Callicaria  superba  (Mulsant) 

Calvia  albida  Bielawski 
Calvia  decemguttata  (L.) 

Calvia  duodecimmaculata  Gebler 
Calvia  mum  Timberlake  [Eocaria  muiri  Timberlake] 
Calvia  quatuordecimguttata  (L.)  - cream-spot  ladybird 
Calvia  quindecimguttata  (F.) 

Calvia  shiva  Kapur 
Calvia  shiva  pasupati  Kapur 
Calvia  shiva  pinaki  Kapur 
Calvia  shiva  trilochana  Kapur 
Ceratomegilla  barovskii  kiritschenkoi  (Semenov-Tian- 
Shanski)  [Spiladelpha  barovskii  kiritschenkoi 
Semenov-Tian-Shanski] 


XX 
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Cemtomegilla  notata  (Laicharting) 

Ceratomegilla  undecimnotata  (Schneider)  [Semiadalia 
undecimnotata  (Schneider)] 

Cheilomenes  lunata  (F.) 

Cheilomenes  propinqiia  vicina  (Mulsant)  [Cheilomenes 
vicina  (Mulsant),  Cydonia  vicina  nilotica  Mulsant] 
[Cheilomenes  sexmaculata  (F.)]  = Menochilus 
sexmaculatus  (F.) 

Cheilomenes  sulphurea  (Olivier) 

[Cheilomenes  vicina]  = Cheilomenes  propinqua  vicina 
(Mulsant) 

[Chilocorus  haylei  (Blackburn)]  = Chilocoms  malasiae 
Crotch 

Chilocorus  bijugus  Mulsant 
Chilocorus  hipustulatus  (L.)  - heather  ladybird 
Chilocorus  hraeti  Weise 
Chilocorus  cacti  (L.) 

Chilocorus  circumdatus  (Gyllenhal) 

Chilocorus  discoideus  Crotch 
Chilocorus  distigma  Klug 
Chilocorus  geminus  Zaslavsky 
Chilocorus  hauseri  Weise 
Chilocorus  hexacyclus  Smith 
Chilocorus  infernalis  Mulsant 
Chilocorus  inornatus  Weise 
Chilocorus  kuwanae  Silvestri 
Chilocorus  malasiae  Crotch  [Chilocorus  haylei 
(Blackburn)] 

Chilocorus  nigripes  Mader 
Chilocorus  nigritus  (F.) 

Chilocorus  orbits  Casey 
Chilocorus  quadrimaculatus  (Weise) 

Chilocorus  renipustulatus  (Scriba)  - kidney-spot 
ladybird 

Chilocorus  rubidus  Flope 
Chilocorus  similis  (Rossi) 

Chilocorus  stigma  (Say)  - twice-stabbed  lady  beetle 
Chilocorus  tricyclus  Smith 
Chnootriba  similis  (Thunberg) 

Cleobora  mellyi  (Mulsant)  - Tasmanian  ladybird 
Clitostethus  arcuatus  (Rossi) 

Clitostethus  oculatus  (Blatchley)  [Nephaspis  oculatus 
(Blatchley)] 

Coccidophilus  citricola  Brethes 
Coccidula  riifa  (Herbst) 

Coccidula  scutellata  (Flerbst) 

[Coccinella  algerica  Kovaf]  = Coccinella  septempunctata 
algerica  Kovaf 

Coccinella  californica  Mannerheim 
Coccinella  explanata  Miyatake 


Coccinella  hieroglyphica  L.  - hieroglyphic  ladybird 
Coccinella  leonina  transversalis  F.  [Coccinella  repanda 
Thunberg,  Coccinella  transversalis  E] 

Coccinella  luteopicta  (Mulsant) 

Coccinella  magnifica  Redtenbacher  - scarce  seven  spot 
ladybird  [Coccinella  divaricata  Olivier)] 

Coccinella  monticola  Mulsant 
Coccinella  nigrovittata  Kapur  [Tytthaspis  trilineata 
(Weise)] 

Coccinella  novemnotata  Flerbst  - nine-spotted  lady 
beetle 

Coccinella  quinquepunctata  L.  - live  spot  ladybird 
Coccinella  reitteri  Weise 

[Coccinella  repanda  Thunberg]  = Coccinella  leonina  F. 
Coccinella  septempunctata  L.  - seven  spot  ladybird 
Coccinella  septempunctata  algerica  Kovaf  [Coccinella 
algerica  Kovaf] 

Coccinella  septempunctata  hrucki  Mulsant 
[Coccinella  sinuatomarginata  Faldermann]  = Coccinula 
sinuatomarginata  (Faldermann) 

[Coccinella  transversalis  E]  = Coccinella  leonina 
transversalis  F. 

Coccinella  transversoguttata  Faldermann  - transverse 
lady  beetle 

Coccinella  transversoguttata  richardsoni  Brown 
Coccinella  trifasciata  L.  - three-banded  lady  beetle 
Coccinella  undecimpunctata  L.  - eleven  spot  ladybird 
[Coccinella  undecimpunctata  aegyptiaca 
Reiche]  = Coccinella  undecimpunctata  menetriesi 
Mulsant 

Coccinella  undecimpunctata  menetriesi  Mulsant 
[Coccinella  undecimpunctata  aegyptiaca  Reiche] 
Coccinula  crotchi  (Lewis) 

Coccinula  quatuordecimpustulata  (L.) 

Coccinula  redimita  (Weise) 

Coccinula  sinensis  (Weise) 

Coccinula  sinuatomarginata  (Faldermann)  [Coccinella 
sinuatomarginata  Faldermann] 

Coelophora  biplagiata  Swartz  [Lenmia  biplagiata 
(Swartz)] 

Coelophora  bissellata  Mulsant 
Coelophora  duvaucelii  (Mulsant) 

Coelophora  inaequalis  (E)  - common  Australian  lady 
beetle 

Coelophora  mulsanti  (Montrouzier) 

Coelophora  quadrivittata  Eauvel 
Coelophora  saucia  Mulsant 
Coleomegilla  maculata  (DeGeer)  - spotted  lady 
beetle 

Coleomegilla  maculata  fuscilabris  (Mulsant) 
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Coleomegilla  inaculata  kngi  Timberlake  - twelve 
spotted  ladybeetle 

Coleomegilla  quadrifasciata  (Schoenherr) 

Crgptognatha  simillima  Sicard 
Cryptognatha  nodiceps  Marshall 
Crgptognatha  signata  Korschefsky 
Cryptogonus  ariasi  (Mulsant) 

Cryptogonus  kapiiri  Ghorpade 
Cryptogonus  orbiculus  (Gyllenhal) 

Cryptogonus  postmedialis  Kapur 
Cryptogonus  quadriguttatus  (Weise) 

Cryptolaenius  montrouzieri  Mulsant  - mealybug 
destroyer 

Curinus  coeruleus  Mulsant  - metallic  blue  lady  beetle 
Cycloneda  ancoralis  (Germar) 

Cycloneda  limhifer  Casey 

Cycloneda  munda  (Say)  - polished  lady  beetle 

Cycloneda  polita  Casey 

Cycloneda  sanguinea  (L.)  - blood-red  lady  beetle 
[Cydonia  vicina  nilotica  Mulsant]  = Cheilomenes 
propinqua  vicina  (Mulsant) 

Declivitata  spp. 

Delphastus  catalinae  (Horn) 

Delphastus  pusillus  (LeConte) 

Diomus  austrinus  Gordon 
Dioinus  hennesseyi  Fiirsch 
Diomus  pumilio  Weise 
Diomus  seminulus  (Mulsant) 

Diomus  thoracicus  F. 

[Eocaria  muiri  Timberlake]  = Calvia  muiri  (Timberlake) 
Epilachna  admirabilis  Crotch 

[Epilachna  bisquadripunctata  (Gyllenhal)]  = Aphidentula 
bisquadripunctata  (Gyllenhal) 

[Epilachna  boisduvali  (Mulsant)]  = Henosepilachna 
boisduvali  Mulsant 

Epilachna  borealis  (F.)  - squash  beetle 
Epilachna  canina  (F.) 

[Epilachna  ‘chrysomelina’  (F.)];  used  variably  either  for 
Elenosepilaclma  argus  (Geoffrey)  or  Elenosepilaclma 
elaterii  (Rossi)  or  Elenosepilaclma  vigintioctopunctata 
(E) 

[Epilachna  cucurbitae]  = Henosepilachna  sumbana 
Bielawski 

Epilachna  dejecta  Mulsant 
Epilachna  dregei  Mulsant  - potato  ladybird 
Epilachna  dumerili  Mulsant 
Epilachna  eckloni  Mulsant 
[Epilachna  enneasticta  Mulsant]  = Henosepilachna 
enneasticta  (Mulsant) 

Epilachna  eusema  (Weise) 


Epilachna  karisimbica  Weise 
Epilachna  marginella  (F.) 

Epilachna  marginicollis  (Hope) 

Epilachna  inexicana  (Guerin-Meneville) 

Epilachna  mystica  Mulsant 
Epilachna  nigrolimbata  Thomson 
[Epilachna  niponica  Lewis]  = Henosepilachna  niponica 
(Lewis) 

Epilachna  paenulata  (Germar) 

[Epilachna  philippinensis  Dieke]  = Henosepilachna 
vigintisexpunctata  (Boisduval) 

[Epilachna  pusillanima  Mulsant]  = Henosepilachna 
pusillanima  (Mulsant) 

[Epilachna  pustulosa  Kono]  = Henosepilachna  pustulosa 
(Kono) 

Epilachna  quadricollis  (Dieke) 

[Epilachna  septima  Dieke]  = Henosepilachna  septima 
(Dieke) 

[Epilachna  sparsa  orientalis  Dieke]  = Henosepilachna 
vigintioctopunctata  (F.) 

Epilachna  undecimvariolata  (Boisduval) 

Epilachna  varivestis  Mulsant  - mexican  bean  beetle 
[Epilachna  vigintioctomaculata  Motschulsky]  = 
Henosepilachna  vigintioctomaculata  (Motschulsky) 
[Epilachna  vigintioctomaculata  Motschulsky]  = 
Henosepilachna  vigintioctomaculata  (Motschulsky) 
Epilachna  vigintisexpunctata  (Boisduval) 

[Epilachna  yasutomii  (Katakura)]  = Henosepilachna 
yasutomii  Katakura 
Epiverta  chelonia  (Mader) 

Eriopis  connexa  (Germar) 

Exochomus  childreni  Mulsant 

[Exochomus  concavus  Fiirsch]  = Parexochomus  troberti 
concavus  (Fiirsch) 

Exochomus  fkivipes  (Thunberg) 

Exochomus  flaviventris  Mader 
Exochomus  fulvimanus  Weise 
[Exochomus  lituratus  (Gorham)]  = Priscihrumus 
lituratus  (Gorham) 

[Exochomus  melanocephalus  (Zoubkoff)]  = Parexochomus 
melanocephalus  (Zoubkoff) 

[Exochomus  nigromaculatus  (Goeze)  = Parexochomus 
nigromaculatus  (Goeze) 

Exochomus  quadripustulatus  (L.)  - pine  ladybird 
[Brumus  quadripustulatus  (L.)] 

[Exochomus  troberti  Mulsant]  = Parexochomus  troberti 
(Mulsant) 

Halnius  chalybeus  (Boisduval)  - steelblue  lady  beetle 
[Orcus  chalybeus  (Boisduval)] 

[Halyzia  hauseri  (Mader)]  = Macroilleis  hauseri  (Mader) 
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Halyzia  sanscrita  Mulsant 

Halyzia  sededmguttata  (L.)  - orange  ladybird 

Halyzia  straminea  (Hope) 

Halyzia  tschitscherini  Semenov 
Harmonia  antipoda  (Mulsant  in  White)  - antipodean 
ladybird 

Harmonia  axyridis  (Pallas)  - harlequin  ladybird  or 
Asian  multi-colored  ladybeetle 
[Harmonia  breiti  Mader]  = Harmonia  expalliata  Sicard 
Harmonia  conformis  (Boisduval) 

Harmonia  dimidiata  (F.)  [Leis  dimidiata  (F.)] 

Harmonia  eucharis  (Mulsant) 

Harmonia  expalliata  Sicard  [Harmonia  breiti  Mader] 
Harmonia  quadripunctata  (Pontoppidan)  - cream- 
streaked  ladybird 
Harmonia  octomaculata  (F.) 

Harmonia  sedecimnotata  (F.) 

Harmonia  yedoensis  (Takizawa) 

Henosepilachna  argiis  (Geoffroy)  - bryony  ladybird 
Henosepilachna  bifasciata  (L.) 

Henosepilachna  boisdiivali  (Mulsant)  [Epilachna 
boisdiivali  Mulsant] 

Henosepilachna  dodecastigma  (Wiedemann) 
Henosepilachna  elaterii  (Rossi)  [Epilachna  chrysomelina 

(F.)] 

Henosepilachna  enneasticta  (Mulsant)  [Epilachna 
enneasticta  Mulsant] 

Henosepilachna  guttatopustulata  (F.) 

Henosepilachna  indica  (Mulsant) 

Henosepilachna  niponica  (Lewis)  [Epilachna  niponica 
Lewis] 

Henosepilachna  ocellata  (Redtenbacher) 

Henosepilachna  processa  Li 
Henosepilachna  pusillanima  (Mulsant)  [Epilachna 
pusillanima  Mulsant] 

Henosepilachna  pustulosa  (Kono)  [Epilachna  pustulosa 
Kono] 

Henosepilachna  septima  (Dieke)  [Epilachna  septima  Dieke] 
Henosepilachna  sumbana  Bielawski  [Epilachna 
cucurbitae  Richards,  Henosepilachna  cucurbitae 
Richards] 

Henosepilachna  vigintioctomaculata  (Motschulsky) 
[Epilachna  vigintioctomaculata  Motschulsky] 
Henosepilachna  vigintioctopunctata  (F.)  [Epilachna 
vigintioctopunctata  (F),  Epilachna  sparsa  orientalis 
Dieke] 

Henosepilachna  vigintisexpunctata  (Boisduval) 

[Epilachna  philippinensis  Dieke] 

Henosepilachna  yasutomii  Katakura  [Epilachna 
yasutomii  (Katakura)] 


Hippodamia  arctica  (Schneider)  [Adonia  arctica 
(Schneider)] 

Hippodamia  caseyi  Johnson 

Hippodamia  convergens  Guerin  - convergent  ladybeetle 
Hippodamia  glacialis  (F.)  - glacial  lady  beetle 
Hippodamia  parenthesis  (Say)  - parenthesis  lady  beetle 
Hippodamia  quinquesignata  (Kirby) 

Hippodamia  quinquesignata  punctulata  Le  Conte 
[Hippodamia  quinquesignata  ambigua  LeConte] 
Hippodamia  septemmaculata  (DeGeer) 

Hippodamia  sinuata  Mulsant 
Hippodamia  tredecimpunctata  (L.)  - thirteen  spot 
ladybird 

Hippodamia  variegata  (Goeze)  - Adonis  ladybird, 
variegated  lady  beetle  [Adonia  variegata  (Goeze)] 
Hyperaspis  aestimabilis  Mader 
Hyperaspis  bigeminata  (Randall) 

Hyperaspis  binotata  (Say) 

Hyperaspis  campestris  (Herbst) 

[Hyperaspis  congressis  Watson]  = Hyperaspis  conviva 
Casey 

Hyperaspis  conviva  Casey  [Hyperaspis  congressis 
Watson] 

Hyperaspis  desertorum  Weise 
Hyperaspis  lateralis  Mulsant 
Hyperaspis  notata  Mulsant 
Hyperaspis  pa)itherina  Fiirsch 
Hyperaspis  raynevali  Mulsant 
Hyperaspis  reppensis  (Herbst) 

Hyperaspis  senegalensis  Mulsant 
Hyperaspis  senegalensis  hottentotta  Mulsant 
Hyperaspis  sphaeridioides  Mulsant 
Hyperaspis  undulata  (Say) 

Illeis  bielawskii  Ghorpade 
llleis  cincta  (F) 

Illeis  galhula  (Mulsant)  [Leptothea  galbula  (Mulsant)] 

Illeis  koebelei  Timberlake 

Jauravia  quadrinotata  Kapur 

[Leis  dimidiata  (F,)]  = Harmonia  dimidiata  (F) 

[Leis]  = Harmonia 

[Lemnia  biplagiata  (Swartz)]  = Coelophora  biplagiata 
Swartz 

[Leptothea  galbula  (Mulsant)]  = Illeis  galbula 
(Mulsant) 

Lindorus  lophanthae  (Blaisdell)  [Rhyzobius  lophantae 
(Blaisdell),  Rhyzobius  lorophantae  (Blaisdell)] 
Lioadalia  flavomaculata  (De  Geer)  [Adalia  flavomaculata 
(De  Geer)] 

Macroilleis  hauseri  (Mader)  [Halyzia  hauseri  (Mader)] 
Macronaemia  hauseri  (Weise) 
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Megalocaria  dilatata  (F.)  [Anisolemnia  dilatata  (F.)] 
[Menochilus  qmdriplagiatus  (Swartz)]  = Menochilus 
sexmaculatus  (F.) 

Menochilus  sexmaculatus  (F.)  [Cheilomenes  sexmaculata 
(E),  Menochilus  quadnplagiatus  (Swartz)] 

Micraspis  allardi  (Mulsant) 

Micraspis  discolor  (F.) 

Microweisea  sp. 

Mulsantina  hudsonica  (Casey) 

Mulsantina  picta  (Randall) 

Myrrha  octodecimguttata  (L.)  - eighteen  spot  ladybird 
Myzia  oblong oguttata  (L.)  - striped  ladybird 
Myzia  suhvittata  (Mulsant) 

Neda  marginalis  Mulsant 
Neocalvia  anastomozans  Crotch 
[Nephaspis  oculatus  (Blatchley)]  = Clitostethus  oculatus 
(Blatchley) 

Nephus  hilucernanus  (Mulsant) 

Nephus  bisignatus  (Boheman) 

Nephus  flavifrons  (Melsheimer)  [Scymnus  flavifivns 
Melsheimer,  North  America,  not  Scymnus  flavifrons 
Blackburn,  Australia] 

Nephus  guttulatus  (LeConte)  [Scymnus  guttulatus 
LeConte] 

Nephus  includens  (Kirsch) 

Nephus  kiesenwetteri  (Mulsant)  [Scymnus  kiesenwetteri 
Mulsant] 

Nephus  ornatus  (LeConte)  [Scymnus  ornatus  LeConte] 
Nephus  quadrimaculatus  (Herbst)  [Scymnus 
quadrirnaculatus  (Herbst)] 

Nephus  redtenbacheri  (Mulsant) 

Nephus  soudanensis  (Sicard)  [Scymnus  soudanensis 
Sicard] 

Oenopia  billieti  (Mulsant) 

Oenopia  conglobata  (L,)  [Synharmonia  conglobata  (L,)] 
Oenopia  kirbyi  Mulsant 
Oenopia  lyncea  (Olivier) 

Oenopia  sexareata  (Mulsant) 

[Olla  abdominalis  (Say)]  = Olla  v-nigrum  (Mulsant) 

Olla  v-nigrum  (Mulsant)  - ash-gray  lady  beetle  [Olla 
abdominalis  (Say)] 

Orcus  australasiae  (Boisduval) 

[Orcus  chalybeus  (Boisduval)]  = Halmus  chalybeus 
(Boisduval) 

Palaeoneda  auriculata  (Mulsant)  [Paleoneda  miniata 
(Hope)] 

[Paleoneda  miniata  (Hope)]  = Palaeoneda  auriculata 
(Mulsant) 

Pania  luteopustulata  Mulsant 
Paranaemia  vittigera  (Mannerheim) 


Parastethorus  nigripes  (Kapur)  [Stethorus  loxtoni 
Britton  & Lee] 

Parexochomus  melanocephalus  (Zoubkoff)  [Exochomus 
melanocephalus  (Zoubkoff)) 

Parexochomus  nigromaculatus  (Goeze)  [Exochomus 
nigromaculatus  (Goeze)] 

Parexochomus  troberti  (Mulsant)  [Exochomus  troberti 
(Mulsant)] 

Parexochomus  troberti  concavus  (Fuersch)  [Exochomus 
concavus  Fuersch] 

Pentilia  insidiosa  Mulsant 
Pharoscymnus  anchorage  (Fairmaire) 

Pharoscymnus  numidicus  (Pic) 

Pharoscymnus  ovoideus  Sicard 
Phymatosternus  lewisii  (Crotch) 

Platynaspis  luteorubra  (Goeze) 

Priscibrumus  lituratus  (Gorham)  [Exochomus  lituratus 
(Gorham)] 

Priscibrumus  uropygialis  (Mulsant) 

Propylea  dissecta  (Mulsant) 

Propylea  japonica  (Thunberg) 

Propylea  quatuordecirnpunctata  (L,)  - fourteen  spot 
ladybird  [Propylaea  quatuordecirnpunctata  (L,)] 
Pseudoazya  trinitatis  (Marshall)  [Azya  trinitatis 
(Marshall)] 

[Pseudoscymnus  tsugae]  Sasaji  & McClure]  = 
Sasajiscymnus  tsugae  (Sasaji  & McClure) 
[Pseudoscymnus  kurohime  (Mityake)]  = Sasajiscymnus 
kurohime  (Miyatake) 

Psyllobora  confluens  (F.) 

Psyllobora  vigintiduopunctata  (L.)  - twenty  two  spot 
ladybird  [Thea  vigintiduopunctata  (L.)] 

Psyllobora  vigintimaculata  (Say)  - twenty-spotted  lady 
beetle 

[Pullus  auritus  (Thunberg)]  = Scymnus  auritus 
Thunberg 

[Pullus  mediterraneus  (F.)]  = Scymnus  marinus 
(Mulsant) 

[Pullus  subvillosus  (Goeze)]  = Scymnus  subvillosus 
(Goeze) 

Rhyzobius  litura  (E) 

[Rhyzobius  lophanthae  (Blaisdell)]  = Lindorus 
lophanthae  (Blaisdell) 

[Rhyzobius  lorophanthae  (Blaisdell)]  = Lindorus 
lophanthae  (Blaisdell) 

Rhyzobius  ventralis  (Erichson)  - black  lady  beetle 
Rodatus  major  (Blackburn) 

Rodolia  cardinalis  (Mulsant)  - vedalia  beetle 
Rodolia  fumida  Mulsant 
Rodolia  guerini  (Crotch) 
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Rodolia  iceryae  Janson 
Rodolia  occidentalis  Weise 

Sasajiscymnus  kurohime  (Miyatake)  [Pseudoscymnus 
kurohime  (Miyatake)] 

[Sasajiscymnus  ningshanensis  (Sasaji  & McClure)]  = 
Scynmus  ningshanensis  Yu  & Yao 
Sasajiscymnus  tsiigae  (Sasaji  & McClure) 
[Pseudoscymnus  tsugae  Sasaji  & McClure] 

[Scymnodes  lividigaster  (Mulsant)]  = Apolinus 
lividigaster  (Mulsant) 

Scymnus  abietis  (Paykull) 

[Scymnus  aeneipennis  Sicard]  = Zagloha  aeneipennis 
(Sicard) 

Scymnus  apetzi  Mulsant 
Scymnus  ater  Kugelann 

Scynmus  auritus  Thunberg  [Pullus  auritus  (Thunberg)] 

Scymnus  coccivora  Ayyar 

Scymnus  creperus  Mulsant 

Scymnus  dorcatomoides  Weise 

Scymnus  flavifivns  Blackburn  (Australia) 

[Scynmus  flavifrons  Melsheimer]  (North 
America)  = Nephus  flavifrons  (Melsheimer) 

Scynmus  frontalis  (F.) 

[Scynmus  guttulatus  LeConte]  = Nephus  guttulatus 
(LeConte) 

Scynmus  haemorrhoidalis  Herbst 
Scymnus  hilaris  Motschulsky 
Scymnus  hoffmanni  Weise 
Scymnus  impexus  Mulsant 
Scymnus  interruptus  (Goeze) 

[Scynmus  kiesenwetteri  Mulsant]  = Nephus 
kiesenwetteri  (Mulsant) 

Scynmus  lacustris  LeConte 
Scymnus  levaillanti  Mulsant 
Scymnus  loewii  Mulsant  - dusky  lady  beetle 
Scymnus  louisianae  Chapin 
Scymnus  marginicollis  Mannerheim 
Scymnus  rnarinus  (Mulsant)  [Scymnus  mediterraneus 
lablokoff-Khnzorian,  Pullus  mediterraneus  (lablokoff- 
Khnzorian)] 

[Scynmus  mediterraneus]  = Scymnus  rnarinus  (Mulsant) 
Scymnus  morelleti  Mulsant 
Scynmus  nigrinus  Kugelann 
Scymnus  ningshanensis  Yu  & Yao  [Sasajiscymnus 
ningshanensis  (Sasaji  & McClure)] 

[Scynmus  ornatus  LeConte]  = Nephus  ornatus 
(LeConte) 

Scymnus  otohime  Kamiya 
Scymnus  posticalis  Sicard 
Scymnus  postpictus  Casey 


Scymnus  pyrocheilus  Mulsant 
Scymnus  quadrillum  Motschulsky 
[Scynmus  (Nephus)  quadrimaculatus  (Herbst)]  = Nephus 
quadrimaculatus  (Herbst) 

Scynmus  rubromaculatus  (Goeze) 

Scynmus  sinuanodulus  Yu  & Yao 
Scymnus  smithianus  Silvestri 
Scynmus  soudanensis  Sicard 
Scymnus  suhvillosus  (Goeze)  [Pullus  subvillosus 
(Goeze)] 

Scymnus  suturalis  Thunberg 
Scymnus  syriacus  (Marsuel) 

Scymnus  tardus  Mulsant 

[Semiadalia  undecinmotata  (Schneider)]  = Ceratomegilla 
undecinmotata  (Schneider) 

Serangium  parcesetosum  Sicard 
[Sidis]  = Nephus 

[Spiladelpha  harovskii  kiritschenkoi  Semenov-Tian- 
Shanski]  = Ceratomegilla  harovskii  kiritschenkoi 
(Semenov-Tian-Shanski) 

Sospita  vigintiguttata  (L.) 

Stethorus  bifldus  Kapur 
Stethorus  gilvifrons  (Mulsant) 

Stethorus  japonicus  Kamiya 
[Stethorus  loxtoni  Britton  & Lee]  = Parastethorus 
nigripes  (Kapur) 

Stethorus  madecassus  Chazeau 
[Stethorus  picipes  Casey]  = Stethorus  punctum  picipes 
Casey 

[Stethorus  punctillum  Weise]  = Stethorus  pusillus 
(Herbst) 

Stethorus  punctum  (LeConte)  - spider-mite  destroyer 
Stethorus  punctum  picipes  Casey  [Stethorus  picipes 
Casey] 

Stethorus  pusillus  (Herbst)  [Stethorus  punctillum 
(Weise)] 

Stethorus  tridens  Gordon 
Stethorus  vegans  (Blackburn) 

Subcoccinella  vigintiquatuorpunctata  (L.)  - twenty  four 
spot  ladybird 

[Synharmonia  conglobata  (L.)]  = Oenopia  conglobata  (L.) 
Synona  obscura  Poorani,  Slipihski  & Booth 
Synonycha  grandis  (Thunberg) 

Thalassa  saginata  Mulsant 
[Thea  vigintiduopunctata  (L.)]  = Psyllobora 
vigintiduopunctata  (L.) 

Tytthaspis  sedecimpunctata  (L.)  - sixteen  spot  ladybird 
[Tytthaspis  trilineata  (Weise)]  = Coccinella  nigrovittata 
Kapur 

[Verania]  = Micraspis 
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Vihidia  diiodecimguttata  (Poda) 

Zagloba  aeneipennis  (Sicard)  [Scymnus  aeneipennis 
Sicard] 

OTHER  ORGANISMS 

In  alphabetical  order  within  each  taxon,  and  with 
Family  given  in  italics  within  brackets  after  the 
authority 

OTHER  INSECTS 
Dermaptera 

Anechura  hannandi  (Burr)  (Forflculidae)  — hump 
earwig 

Forficula  auricularia  L.  (Forficulidae)  - European 
earwig 

Hemiptera:  Heteroptera 

Calocoris  norvegicus  (Gmelin)  (Miridae)  - strawberry 
bug 

Campylomma  verbasci  (Meyer)  (Miridae)  - mullein  bug 
Caternaultiella  nigosa  (Schoutenden)  (Plataspidae) 
Eurygaster  integriceps  Puton  (Pentatomidae)  - sunn 
pest  or  corn  bug 

Geocoris  punctipes  (Say)  (Lygaeidae)  - big-eyed  bug 
Flyaliodes  vitripennis  (Say)  (Miridae) 

Lygus  hesperus  (Knight)  (Miridae)  - western  plant 
bug 

Lygus  lineolaris  (Palidot  de  Beauvois)  (Miridae) 

- tarnished  plant  bug 
Lygus  (Miridae) 

Nabis  (Reduviolus)  ainericofents  Carayon  (Nabidae) 

- common  damsel  bug 

Ny silts  huttoni  White  (Lygaeidae)  - wheat  bug 
Orius  insidiosus  (Say)  (Anthocoridae)  - insidious  flower 
bug 

Podisus  maculiventris  (Say)  (Pentatomidae)  - spined 
soldier  bug 

Pyrrhocoris  apterus  (L.)  (Pyrrhocoridae)  - firebug 
Sidnia  kinbergi  (Stal)  (Miridae) 

Hemiptera:  Auchenorrhyncha 

Homalodisca  vitripennis  (Germar)  (Cicadellidae) 

- glassy-winged  sharpshooter 


Nilaparvata  lugens  (Stal)  (Delphacidae)  - brown 
planthopper 

Philaenus  spumarius  (L.)  (Cercopidae)  - common 
froghopper  or  meadow  spittlebug 

Hemiptera:  Sternorrhyncha:  Aphidoidea 

(Synonyms  are  in  square  brackets) 

Acyrthosiphon  caraganae  (Cholodkovsky)  (Aphididae) 
Acyrthosiphon  ignotum  Mordvilko  (Aphididae) 
Acyrthosiphon  kondoi  Shinji  (Aphididae)  - blue  alfalfa 
aphid 

[Acyrthosiphon  nipponicum  (Essig  & Kuwana)]  = 
Neoaulacorthum  nipponicum  (Essig  & Kuwana) 
(Aphididae) 

Acyrthosiphon  pisum  (Harris)  (Aphididae)  - pea  aphid 
Adelges  cooleyi  (Gillette)  (Adelgidae)  - Cooley  spruce 
gall  adelgid 

Adelges  laricis  Vallot  (Adelgidae)  - larch  adelgid 
Adelges  nordmannianae  (Eckstein)  (Adelgidae) 

[Adelges  nusslini  (Boerner)]  = Adelges  nordmannianae 
(Eckstein)  (Adelgidae) 

Adelges  piceae  (Ratzeburg)  (Adelgidae)  - balsam  woolly 
adelgid 

Adelges  tsugae  Annand  (Adelgidae)-  hemlock  woolly 
adelgid 

Aphis  carduella  Walsh  (Aphididae) 

[Aphis  cirsiiacanthoidis  Boerner]  = Aphis  fabae 
cirsiiacanthoidis  Scopoli  (Aphididae) 

Aphis  craccivora  Koch  (Aphididae)  - cowpea  aphid  or 
groundnut  aphid 

Aphis  cytisorum  cytisorum  Hartig  (Aphididae) 

Aphis  fabae  Scopoli  (Aphididae)  - black  bean  aphid 
Aphis  fabae  cirsiiacanthoidis  Scopoli  (Aphididae) 

Aphis  farinosa  J.E.Gmelin  (Aphididae) 

Aphis  glycines  Matsumura  (Aphididae)  - soybean  aphid 
Aphis  gossypii  Glover  (Aphididae)  - cotton  aphid  or 
melon  aphid 

Aphis  hederae  Kaltenbach  (Aphididae) 

[Aphis  helianthi  Monell]  = Aphis  carduella  Walsh 
(Aphididae) 

Aphis  jacobaeae  Schrank  (Aphididae) 

[Aphis  laburni  Kaltenbach]  = Aphis  cytisorum 
cytisorum  Hartig  (Aphididae) 

Aphis  nerii  Boyer  de  Eonscolombe  (Aphididae) 

- oleander  aphid 

Aphis  pomi  De  Geer  (Aphididae)  — green  apple  aphid 
Aphis  punicae  Passerini  (Aphididae) 
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Aphis  sambuci  L.  (Aphididae)  - elder  aphid 
Aphis  spimecola  Patch  (Aphididae)  - spiraea  aphid  or 
green  citrus  aphid 

Aphis  spimephaga  F.P.  Muller  (Aphididae) 

Aphis  spimephila  Patch  (Aphididae) 

Aphis  urticata  J.F.  Gmelin  (Aphididae) 

[Aulacorthum  magnoliae  (Essig  & 

Kuwana)]  = Neoaulacorthum  magnoliae  (Essig  & 
Kuwana)  (Aphididae) 

Aulacorthum  solani  (Kaltenbach)  (Aphididae)  - 
glasshouse  potato  aphid  or  foxglove  aphid 
Betulaphis  brevipilosa  Boerner  (Aphididae) 

Betulaphis  quadrituberculata  (Kaltenbach)  (Aphididae) 
Brachgcaudus  helichrysi  (Kaltenbach)  (Aphididae) 

- leaf-curling  plum  aphid 

Brachgcaudus  persicae  (Passerini)  (Aphididae)  — black 
peach  aphid 

Brachgcaudus  prunicola  (Kaltenbach)  (Aphididae) 
Brachgcaudus  tragopogonis  (Kaltenbach)  (Aphididae) 
Brevicorgne  brassicae  (L.)  (Aphididae)  - cabbage  aphid 
Callipterinella  calliptera  (Hartig)  (Aphididae) 
Capitophorus  elaeagni  (Del  Guercio)  (Aphididae) 
Cavariella  konoi  Takahashi  (Aphididae) 

Ceratovacuna  lanigera  Zehntner  (Aphididae)  - sugar 
cane  woolly  aphid 

Cervaphis  gucj-cus  Takahashi  (Aphididae) 

Chaetosiphon  fragaefolii  (Cockerell)  (Aphididae) 

- strawberry  aphid 

Chaitophorus  capreae  (Mosley)  (Aphididae) 
Chaitophorus  leucomelas  Koch  (Aphididae) 
[Chaitophorus  versicolor  Koch]  = Chaitophorus 
leucomelas  Koch  (Aphididae) 

Chromaphis  juglandicola  (Kaltenbach)  (Aphididae) 

- walnut  aphid 

Cinara  palaestinensis  Hille  Ris  Lumbers  (Aphididae) 
Delphiniobium  junackianum  (Karsch)  (Aphididae) 
Diuraphis  noxia  (Kurdjumov)  (Aphididae)  - Russian 
wheat  aphid 

Drepanosiphum  platanoidis  (Schrank)  (Aphididae) 

- sycamore  aphid 

Dgsaphis  crataegi  (Kaltenbach)  (Aphididae)  - 
hawthorn-parsnip  aphid 
Dgsaphis  devecta  (Walker)  (Aphididae)  - rosy  leaf- 
curling aphid 

Dgsaphis  plantaginea  (Passerini)  (Aphididae)  - rosy 
apple  aphid 

Elatobium  ahietimim  (Walker)  (Aphididae)  — spruce 
aphid 

Eriosoma  lanigerum  (Hausmann)  (Aphididae)  — woolly 
apple  aphid 


Eucallipterus  tiliae  (L.)  (Aphididae)  - lime  aphid 
Euceraphis  betulae  (Koch)  (Aphididae) 

Euceraphis  punctipennis  (Zetterstedt)  (Aphididae) 
Elgalopterus  pruni  (Geoffrey)  (Aphididae)  - mealy  plum 
aphid 

Hgperomgzus  carduellinus  (Theobald)  (Aphididae) 
Hgperomgzus  lactucae  (L.)  (Aphididae)  - blackcurrant- 
sowthistle  aphid 

Laingia  psammae  Theobald  (Aphididae) 

Liosomaphis  berberidis  (Kaltenbach)  (Aphididae) 
Lipaphis  pseudobrassicae  (Davis)  (Aphididae)  — turnip 
aphid  or  mustard  aphid 

[Longiunguis  donacis  (Passerini)]  = Melanaphis  donacis 
(Passerini)  (Aphididae) 

Macrosiphoniella  artemisiae  (Boyer  de  Fonscolombe) 
(Aphididae) 

Macrosiphoniella  sanborni  (Gillette)  (Aphididae) 

- chrysanthemum  aphid 

Macrosiphum  albifrons  Essig  (Aphididae)  - lupin  aphid 
Macrosiphum  euphorhiae  (Thomas)  (Aphididae) 

- potato  aphid 

[Macrosiphum  ibarae  (Matsumura)]  = Sitobion  ibarae 
(Matsumura)  (Aphididae) 

Macrosiphum  rosae  (L.)  (Aphididae)  - rose  aphid 
Megoura  viciae  Buckton  (Aphididae)  - vetch  aphid 
Melanaphis  donacis  (Passerini)  (Aphididae) 
Metopolophium  dirhodum  (Walker)  (Aphididae) 

- rose-grain  aphid. 

Metopolophium  festucae  (Theobald)  (Aphididae) 

- fescue  aphid 

Microlophium  carnosum  (Buckton)  (Aphididae) 
Microsiphoniella  artemisiae  (Gillette)  (Aphididae) 
Mindarus  abietinus  Koch  (Aphididae) 

Mgzocallis  boerneri  Stroyan  (Aphididae) 

Mgzocallis  carpini  (Koch)  (Aphididae) 

Mgzocallis  castanicola  Baker  (Aphididae) 

Mgzocallis  corgli  (Goetze)  (Aphididae)  - hazel  aphid  or 
filbert  aphid 

Mgzus  cerasi  (E.)  (Aphididae)  - cherry  blackfly 
Mgzus  persicae  (Sulzer)  (Aphididae)  - peach-potato 
aphid 

Mgzus  persicae  nicotianae  Blackman  (Aphididae) 
Neoaulacorthum  magnoliae  (Essig  & Kuwana) 
(Aphididae) 

Neoaulacorthum  nipponicum  (Essig  & Kuwana) 
(Aphididae) 

Neomgzus  circumflexus  (Buckton)  (Aphididae) 
Neophgllaphis  podocarpi  Takahashi  (Aphididae) 
Periphgllus  californiensis  (Shinji)  (Aphididae) 

Periphgllus  Igropictus  (Kessler)  (Aphididae) 
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Periphylliis  testiidinaceus  (Fernie)  (Aphididae) 

Phorodon  hiimuli  (Schrank)  (Aphididae)  - damson-hop 
aphid 

Phyllaphis  fagi  (L.)  (Aphididae) 

Phylloxera  glabra  (von  Heyden)  (Phylloxeridae) 

Pineus  pini  (Macquart)  (Adelgidae) 

Pseudoregma  alexanderi  (Takahashi)  (Aphididae) 
Pseiidoregma  harnbucicola  (Takahashi)  (Aphididae) 
Pterocallis  alni  (deGeer)  (Aphididae) 

Rhopalosiphum  rnaidis  (Fitch)  (Aphididae)  - corn  leaf 
aphid 

Rhopalosiphum  padi  (L.)  (Aphididae)  - bird  cherry-oat 
aphid 

Schizaphis  graminmn  (Rondani)  (Aphididae)  — 
greenbug 

Schizolaclmus  pineti  (F. ) (Aphididae) 

Schizolaclmus  piniradiatae  (Davidson)  (Aphididae) 
Sitobion  akebiae  (Shinji)  (Aphididae) 

Sitobion  avenae  (F.)  (Aphididae)  - grain  aphid 
Sitobion  ibarae  (Matsumura)  (Aphididae) 

Symydobius  oblongus  (von  Fleyden)  (Aphididae) 

Thelaxes  dryophila  (Schrank)  (Aphididae) 

[Therioaphis  maculata  (Buckton)]  = Therioaphis  trifolii 
(Monell)  (Aphididae)  - spotted  alfalfa  aphid 
Therioaphis  trifolii  (Monell)  (Aphididae)  - spotted 
alfalfa  aphid 

Toxoptera  aurantii  (Boyer  de  Fonscolombe)  (Aphididae) 

- black  citrus  aphid  or  tea  aphid 

Toxoptera  citricidus  (Kirkaldy)  (Aphididae)  - brown 
citrus  aphid 

[Toxoptera  graminum  (Rondani)]  = Schizaphis  graminum 
(Rondani)  (Aphididae)  - greenbug 
Tuberculatus  annulatus  (Ffartig)  (Aphididae) 
Tuberolaclmus  salignus  (J.F.  Gmelin)  (Aphididae) 

- willow  aphid 

Uroleucon  aeneum  (Hille  Ris  Lambers)  (Aphididae) 
Uroleucon  ambrosiae  (Thomas)  (Aphididae) 

Uroleucon  cichorii  (Koch)  (Aphididae) 

Uroleucon  cirsii  (L.)  (Aphididae) 

Uroleucon  compositae  (Theobald)  (Aphididae) 

Uroleucon  formosanum  (Takahashi)  (Aphididae) 
Uroleucon  jaceae  (L.)  (Aphididae) 

Uroleucon  nigrotuberculatum  (Olive)  (Aphididae) 
Vesiculaphis  caricis  (Fullaway)  (Aphididae) 

Hemiptera:  other  Sternorrhyncha 

Abgrallaspis  cyanophylli  (Signoret)  (Diaspididae) 
Acutaspis  umbonifera  (Newstead)  (Diaspididae) 


Agonoscena  pistaciae  Burckhardt  et  Lauterer  (Psyllidae) 
Aleurodicus  cocois  (Curtis)  (Aleyrodidae) 

Aleurodicus  dispersus  Russell  (Aleyrodidae)-  spiralling 
whitefly 

Aleurotuha  jelinekii  (Frauenfeld)  (Aleyrodidae) 

Aleyrodes  proletella  (L.)  (Aleyrodidae) 

Aonidiella  aurantii  (Maskell)  (Diaspididae)  - California 
red  scale 

Aonidiella  orientalis  (Newstead)  (Diaspididae) 
Aonidimytilus  albus  (Cockerell)  (Diaspididae)  - cassava 
scale 

Aspidiotus  destructor  Signoret  (Diaspididae)-  coconut 
scale 

Aspidiotus  nerii  Bouche  (Diaspididae) 

Asterolecanium  sp.  (Asterolecaniidae) 

Aulacaspis  tegalensis  (Zehntner)  (Diaspididae)  - sugar 
cane  scale 

Aulacaspis  tubercidaris  Newstead  (Diaspididae) 

Bemisia  tabaci  (Gennadius)  (Aleyrodidae) 

[Bemisia  argentifolii  Bellows]  = Bemisia  tabaci 
Gennadius  (Aleyrodidae) 

Chionaspis  alnus  Kuwana  (Diaspididae) 

Chionaspis  salicis  (L.)  (Diaspididae) 

Chrysomphalus  aoniduin  (L.)  (Diaspididae)  - Florida  red 
scale 

Chrysomphalus  bifasciculatus  Ferris  (Diaspididae) 

Coccus  hesperidiim  L.(Coccidae)  - soft  brown  scale 
Coccus  viridis  (Green)  (Coccidae)  - green  coffee  scale 
or  soft  green  scale 

Dactylopius  opuntiae  (Cockerell)  (Dactylopiidae) 
Diaphorina  citri  Kuwayama  (Psyllidae)  - Asian  citrus 
psyllid 

Diaspidiotus  perniciosus  (Comstock)  (Diaspididae) 
Dysmicoccus  (Pseudococcidae ) 

Eriococcus  coriaceus  Maskell  (Eriococcidae) 

Eidecanium  caraganae  Borchsenius  (Coccidae) 

Eerrisia  virgata  (Cockerell)  (Pseudococcidae)  - striped 
mealybug 

Hemberlesia  lataniae  (Signoret)  (Diaspididae) 
Heteropsylla  cubana  Crawford  (Psyllidae) 

Icerya  purchasi  Maskell  (Monophlehidae)-  cottony 
cushion  scale 

Lepidosaphes  beckii  (Newman)  (Diaspididae)  - citrus 
mussel  scale 

Lepidosaphes  cornutus  Ramakrishna  Ayyar 
(Diaspididae) 

Lepidosaphes  ulmi  (L.)  (Diaspididae)  - mussel  scale  or 
oystershell  scale 

Maconellicoccus  hirsutus  (Green)  (Pseudococcidae) 

- pink  hibiscus  mealybug 
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Matsucocciis  feytaudi  Ducasse  (Matsucoccidae) 
Matsucoccus  josephi  Bodenheimer  & Harpaz 
(Matsucoccidae) 

Matsucoccus  matsumume  (Kuwana)  (Matsucoccidae) 
Melanaspis  glomemta  (Green)  (Diaspididae) 
Monophlehulus  pilosior  (Maskell)  (Monophlebidae) 
Orthezia  urticae  (L.)  (Ortheziidae) 

Parlatoria  blanchardi  (Tergioni  Tozzetti)  (Diaspididae) 
Phenacoccus  herreni  Cox  & Williams  (Pseudococcidae) 
Phenacoccus  madeirensis  Green  (Pseudococcidae) 
Phenacoccus  manihoti  Matile-Ferrero  (Pseudococcidae) 

- cassava  mealybug 

Phoenicococcus  marlatti  (Cockerell)  (Phoenicococcidae) 
Piimaspis  buxi  (Bouche)  (Diaspididae) 

Planococcus  citri  (Risso)  (Pseudococcidae)  - citrus 
mealybug 

Planococcus  minor  (Maskell)  (Pseudococcidae) 
Pseudochermes  fraxini  (Kaltenbach)  (Eriococcidae) 
Pseudococcus  cryptus  Hempel  (Pseudococcidae) 
Pseudococcus  maritimus  (Ehrhorn)  (Pseudococcidae) 
Pseudococcus  viburni  (Signoret)  (Pseudococcidae) 

Psylla  aini  (L.)  (Psyllidae) 

Psylla  jucunda  Tu thill  (Psyllidae) 

Psylla  mali  (Schmidberger)  (Psyllidae)  - apple  sucker 
Psylla  uhni  Forster  (Psyllidae) 

Psylla  uncatoides  (Ferris  et  Clyver)  (Psyllidae) 

Pulvimria  psidii  Maskell  (Coccidae)  - green  shield  scale 
Pulvimria  urbicola  (Cockerell)  (Coccidae) 

Pulvinaria  vitis  (L.)  (Coccidae)  - woolly  vine  scale 
Rastrococcus  invadens  Williams  (Pseudococcidae) 
Saissetia  coffeae  (Walker)  (Coccidae)  - helmet  scale 
Saissetia  oleae  (Olivier)  (Coccidae)  - olive  scale 
Siphoninus  phillyreae  (Haliday)  (Aleyrodidae) 
Trialeurodes  vaporariorum  (Westwood)  (Aleyrodidae) 

- glasshouse  whitefly 

Unaspis  citri  (Comstock)  (Diaspididae)- citrus  snow  scale 
Unaspis  euonymi  (Comstock)  (Diaspididae) 

Unaspis  yanonensis  Kuwana  (Diaspididae) 

Thysanoptera 

Thrips  tabaci  Lindeman  (Thripidae)  - onion  thrips  or 
tobacco  thrips 

Neuroptera 

Chrysopa  Leach  (Chrysopidae) 

Chrysopa  oculata  Say  (Chrysopidae)  - golden-eyed 
lacewing 


Chrysopa  perla  (L.)  (Chrysopidae) 

Chrysopa  sinica  (Tjeder)  (Chrysopidae) 

Chrysoperla  carnea  (Stephens)  (Chrysopidae)  - green 
lacewing 

Chrysoperla  plorabunda  Fitch  (Chrysopidae) 

Chrysoperla  rufilabris  (Burmeister)  (Chrysopidae) 

Lepidoptera 

Acraea  encedon  (L.)  (Nymphalidae) 

[Anagasta  kuehniella  (Zeller)]  = Ephestia  kuehniella 
Zeller  (Pyralidae) 

Arctia  (Arctiidae)  - tiger  moths 
Choristoneura  pinus  Freeman  (Tortricidae)  - jack  pine 
budworm 

Danaus  plexippus  (L.)  (Nymphalidae)  - monarch 
butterfly 

Ephestia  kuehniella  Zeller  (Pyralidae)  - Mediterranean 
flour  moth 

Galleria  mellonella  (L.)  (Pyralidae)  - wax  moth 
Helicoverpa  armigera  (Fliibner)  (Noctuidae)  - cotton 
bollworm 

Helicoverpa  zea  (Boddie)  (Noctuidae)  - corn  earworm 
Heliothis  virescens  (F.)  (Noctuidae)  - tobacco  budworm 
Hyphantria  cunea  (Drury)  (Arctiidae)  - fall  webworm 
Ostrinia  nubilalis  (Hiibner)  (Crambidae)  - European 
corn  borer 

Pectinophora  gossypiella  (Saunders)  (Gelechiidae)  - pink 
bollworm 

Phthorimaea  operculella  (Zeller)  (Gelechiidae)  - potato 
tuber  moth 

Pieris  rapae  (L.)  (Pieridae)  - small  cabbage  white 
butterfly 

Plutella  xylostella  (L.)  (Plutellidae)  - diamondback 
moth 

Sitotroga  cerealella  (Olivier)  (Gelechiidae)  - Angoumois 
grain  moth 

Spodoptera  litura  (E.)  (Noctuidae)  - common 
cutworm 

Trichoplusia  ni  (Flubner)  (Noctuidae)  - cabbage  looper 
or  ni  moth 

Tyria  (Arctiidae)  - cinnabar  moths 

Diptera 

Anopheles  quadrimaculatus  Say  (Culicidae) 

Aphidoletes  aphidimyza  (Rondani)  (Cecidomyiidae) 
Boettcheria  latisterna  Parker  (Sarcophagidae) 
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Chetogena  daripennis  (Macquart)  (Tadiinidae) 
Chrysotadiina  slossonae  (Coquillett)  (Tadimidae) 
Contarinia  nasturtii  (Kieffer)  (Cecidomyiidae)  - swede 
midge 

Cryptodiaetum  iceryae  (Williston)  (Cryptodmetidae) 
Cidex  qidnquefasdatus  Say  (Culiddae)  - southern 
house  mosquito 

[Degeeria  ludiiosa  (Meigen)]  = Medina  luduosa 
(Meigen)  (Tadiinidae) 

[Doryphowphaga  doryphorae]  = Myiopharus  doryphorae 
(Riley)  (Tadiinidae) 

Drosophila  melanogaster  Meigen  (Drosophilidae) 
Episyrphus  balteatus  (DeGeer)  (Syrphidae)  - 
marmalade  hover  fly 

Euthelyconychia  epilachnae  (Aldrich)  (Tadiinidae) 
[Exoristoides  slossonae  Coquillett]  = Chrysotadiina 
slossonae  (Coquillett)  (Tadiinidae) 

Elelicobia  rapax  (Walker)  (Sarcophagidae) 

Lydinolydella  )7ietflllicfl  Townsend  (Tadiinidae) 

[Lypha  slossonae  (Coquillett)]  = Chrysotachina  slossonae 
(Coquillett)  (Tadiinidae) 

Medina  collaris  (Fallen)  (Tadiinidae) 

Medina  funebris  (Meigen)  (Tadiinidae) 

Medina  luduosa  (Meigen)  (Tadiinidae) 

Medina  melania  (Meigen)  (Tadiinidae) 

Medina  separata  (Meigen)  (Tadiinidae) 

Megaselia  (Phoridae) 

Myiopharus  doryphorae  (Riley)  (Tadiinidae) 

[Paradexodes  epilachnae  Aldrich]  = Euthelyconychia 
epilachnae  (Aldrich)  (Tadiinidae) 

Phalacrotophora  Enderlein  (Phoridae) 

Phalacrotophora  berolinensis  Schmitz  (Phoridae) 
Phalacrotophora  heuki  Disney  (Phoridae) 
Phalacrotophora  decirnaculata  Liu  (Phoridae) 
Phalacrotophora  delageae  Disney  (Phoridae) 
Phalacrotophora  fasciata  (Fallen)  (Phoridae) 
Phalacrotophora  Indiana  Colyer  (Phoridae) 
Phalacrotophora  nedae  (Malloch)  (Phoridae) 
Phalacrotophora  philaxyridis  Disney  (Phoridae) 
Phalacrotophora  quadrimaculata  Schmitz  (Phoridae) 
Policheta  unicolor  (Fallen)  (Tadiinidae) 

Pseudebenia  epilachnae  Shima  & Han  (Tachinidae) 
Ravinia  errabunda  (Wulp)  (Sarcophagidae) 

[Sarcophaga  helicis  Townsend]  = Elelicobia  rapax 
(Walker)  (Sarcophagidae) 

[Sarcophaga  latisterna  (Parker)]  = Boettcheria  latisterna 
Parker  (Sarcophagidae) 

[Sarcophaga  reinhardii  Hall]  = Ravinia  errabunda  (Wulp) 
(Sarcophagidae) 

Strongygaster  triangulifera  (Loew)  (Tachinidae) 


Hymenoptera 

[Aminellus  Masi]  = Cowperia  Girault  (Encyrtidae) 
[Aminellus  sumatraensis  Kerrich]  = Cowperia 
sumatraensis  (Kerrich)  (Encyrtidae) 

Anagyrus  Howard  (Encyrtidae) 

Anagyrus  australiensis  (Howard)  (Encyrtidae) 

Anagyrus  kaniali  Moursi  (Encyrtidae) 

Anagyrus  lopezi  (De  Santis)  (Encyrtidae) 

Anagyrus  pseudococci  (Girault)  (Encyrtidae) 

Anastatus  Motschulsky  (Eupelmidae) 

[Anisotylus  Timberlake]  = Homalotylus  Mayr 
(Encyrtidae) 

Aphanogmus  Thomson  (Ceraphronidae) 

Aphidius  colemani  Viereck  (Braconidae) 

Aphidius  eadyi  Stary  (Braconidae) 

Aphidius  ervi  Haliday  (Braconidae) 

Apis  niellifera  L.  (Apidae)  - European  honey  bee 
Aprostocetus  Westwood  (Eulophidae) 

Aprostocetus  esurus  (Riley)  (Eulophidae) 

Aprostocetus  neglectus  (Domenichini)  (Eulophidae)) 
[Atritoniellus  Kieffer]  = Dendrocerus  (Megaspilidae) 
Austroterobia  Girault  (Pteromalidae) 

Axiniopsis  Ashmead  (Eurytomidae) 

Azteca  instahilis  (Smith)  (Eorniicidae) 

Baryscapus  Foerster  (Eulophidae) 

Baryscapus  thanasimi  (Ashmead)  (Eulophidae) 
Brachynieria  carinatifrons  Gahan  (Chalcididae) 
Catolaccus  Thomson  (Pteromalidae) 

Centistes  scymni  Ferriere  (Braconidae) 

Centistes  subsulcatus  (Thomson)  (Braconidae) 
Centistina  nipponicus  (Belokobylskij)  (Braconidae) 
Cerchysiella  Girault  [Zeteticontus  Silvestri]  (Encyrtidae) 
Chartocerus  subaeneus  (Foerster)  (Signiphoridae) 
Cheiloneurus  carinatus  Compere  (Encyrtidae) 
Cheiloneurus  cyanonotus  Waterston  (Encyrtidae) 
Cheiloneurus  liorhipnusi  (Risbec)  (Encyrtidae) 
Cheiloneurus  orbitalis  Compere  (Encyrtidae) 
Chrysocharis  johnsoni  Subba  Rao  (Eulophidae) 
Chrysonotomyia  appannai  (Chandy  Kurian) 
(Eulophidae) 

Coccidoctonus  trinidadensis  Crawford  (Encyrtidae) 
Cojiiira  Spinola  (Chalcididae) 

Conura  paranensis  (Schrottky)  (Chalcididae) 

Conura  petioliventris  (Cameron)  (Chalcididae) 

Conura  porteri  (Brethes)  (Chalcididae) 

Cowperia  Girault  (Encyrtidae) 

Cowperia  areolata  (Walker)  (Encyrtidae) 

Cowperia  indica  (Kerrich)  (Encyrtidae) 

Cowperia  punctata  Girault  (Encyrtidae) 
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Cowperia  suhnigm  Li  (Encyrtidae) 

Cowperia  sumatmensis  (Kerrich)  (Encyrtidae) 
Crematogaster  Lund  (Eormicidae) 

Crematogaster  limolata  (Say)  (Eormicidae) 

Dendrocerus  (Megaspilidae) 

Dendrocerus  ergensis  (Guesquiere)  (Megaspilidae) 
Dihrachys  cavus  (Walker)  (Pteromalidae) 

Dinocampus  Foerster  (Braconidae) 

Dinocampus  coccinellae  (Schrank)  (Braconidae) 
[Dinocampus  nipponicus  Belokobylskij]  = Centistina 
nipponicus  (Belokobylskij)  (Braconidae) 

[Dinocampus  terminatus  (Nees)]  = Dinocampus 
coccinellae  (Schrank)  (Braconidae) 

Dolichoderus  hidens  L.  (Eormicidae) 

[Echthroplectis  Foerster]  = Homalotylus  Mayr 
(Encyrtidae) 

Elasmus  Westwood  (Eulophidae) 

Encarsia  sophia  (Girault  & Dodd)  (Aphelinidae) 
[Epidinocarsus  lopezi  (De  Santis)]  = Anagyrus  lopezi  (De 
Santis)  (Encyrtidae) 

Eretmocerus  niundus  Mercet  (Aphelinidae) 

Eupelmus  Dalman  (Eupelmidae) 

Eupelmus  urozonus  Dalman  (Eupelmidae) 

Eupelmus  vermai  (Bhatnagar)  (Eupelmidae) 
[Eupteromalus  Kurdjumov]  = Trichomalopsis  Crawford 
(Pteromalidae) 

Eormica  L.  (Eormicidae) 

Eormica  obscuripes  Forel  (Eormicidae) 

Eormica  polyctena  Foerster  (Eormicidae)  - European 
red  wood  ant 

Eormica  rufa  L.  (Eormicidae)  - wood  ant 
Eormica  rufibarbis  F.  (Eormicidae)  - red-barbed  ant 
Gelis  Thunberg  (Iclmeumonidae) 

Gelis  agilis  (F.)  (Iclmeumonidae) 

[Gelis  instabilis  (Forster)]  = Gelis  agilis  (F.) 
(Ichneumonidae) 

Gelis  melanocephalus  (Schrank)  (Ichneumonidae) 
[Hemaenasioidea  Girault]  = Homalotylus  Mayr 
(Encyrtidae) 

Homalotyloidea  dahlbomii  (Westwood)  (Encyrtidae) 
Homalotylus  Mayr  (Encyrtidae) 

Homalotylus  affinis  Timberlake  (Encyrtidae) 
Homalotylus  africanus  Timberlake  (Encyrtidae) 
Homalotylus  agarwali  Anis  & Flayat  (Encyrtidae) 
Homalotylus  alhiclavatus  (Agarwal)  (Encyrtidae) 
Homalotylus  alhifrons  (Ishii)  (Encyrtidae) 

Homalotylus  alhitarsus  Gahan  (Encyrtidae) 
Homalotylus  aligarhensis  (Shafee  & Rizvi)  (Encyrtidae) 
Homalotylus  balchanensis  Myartseva  (Encyrtidae) 
Homalotylus  brevicaudn  Timberlake  (Encyrtidae) 


[Homalotylus  californicus  (Say)]  = Homalotylus 
terminalis  (Say)  (Encyrtidae) 

Homalotylus  cocfereffl  Timberlake  (Encyrtidae) 
Homalotylus  ephippium  (Ruschka)  (Encyrtidae) 
Homalotylus  eytelweinii  (Ratzeburg)  (Encyrtidae) 
Homalotylus  ferrierei  Hayat,  Alam  & Agarwal 
(Encyrtidae) 

Homalotylus  flaminius  Dalman  (Encyrtidae) 
Homalotylus  hemipterinus  (De  Stefani)  (Encyrtidae) 
Homalotylus  formosus  Anis  & Hayat  (Encyrtidae) 
Homalotylus  himalayensis  Liao  (Encyrtidae) 
Homalotylus  hybridus  Hoffer  (Encyrtidae) 

Homalotylus  hyperaspicola  Tachikawa  (Encyrtidae) 
Homalotylus  hyperaspidis  Timberlake  (Encyrtidae) 
Homalotylus  hypnos  Noyes 
Homalotylus  indicus  (Agarwal)  (Encyrtidae) 
Homalotylus  latipes  Girauh(Encyrtidae) 

Homalotylus  longicaudus  Xu  & He  (Encyrtidae) 
Homalotylus  longipedicellus  (Shafee  & Fatma) 
(Encyrtidae) 

Homalotylus  mexicanus  Timberlake  (Encyrtidae) 
Homalotylus  mirabilis  (Brethes)  (Encyrtidae) 
Homalotylus  niundus  Gahan  (Encyrtidae) 

Homalotylus  nigricornis  Mercet  (Encyrtidae) 
Homalotylus  oculatus  (Girault)  (Encyrtidae) 
Homalotylus  pallentipes  (Timberlake)  (Encyrtidae) 
Homalotylus  platynaspidis  Hoffer  (Encyrtidae) 
Homalotylus  pimcti/rons  Timberlake  (Encyrtidae) 
Homalotylus  quaylei  Timberlake  (Encyrtidae) 
Homalotylus  rubricatus  Sharkov  (Encyrtidae) 
Homalotylus  scutellaris  Tan  & Zhao  (Encyrtidae) 
Homalotylus  scymnivorus  Tachikawa  (Encyrtidae) 
Homalotylus  shuvakhinae  Trjapitzin  & Triapitsyn 
(Encyrtidae) 

Homalotylus  similis  Ashmead  (Encyrtidae) 

Homalotylus  sinensis  Xu  & He  (Encyrtidae) 

Homalotylus  singularis  Hoffer  (Encyrtidae) 

Homalotylus  terminalis  (Say)  (Encyrtidae) 

Homalotylus  trisubalbus  Xu  & He  (Encyrtidae) 
Homalotylus  turkmenicus  Myartseva  (Encyrtidae) 
Homalotylus  vicinus  Silvestri  (Encyrtidae) 

Homalotylus  yunnanensis  Tan  & Zhao  (Encyrtidae) 
Homalotylus  zhaoi  Xu  & He  (Encyrtidae) 

Inkaka  quadridentata  Girault  (Pteromalidae) 
Iridomyrmex  Mayr  (Eormicidae) 

Isodronms  uiger  Ashmead  (Encyrtidae) 

Lasius  claviger  (Roger)  (Eormicidae) 

Lasius  japonicus  Santschi  (Eormicidae)  - Japanese  ant 
Lasius  niger  (L.)  (Eormicidae)  - black  ant  or  garden  ant 
Lasius  umhratus  (Nylander)  (Eormicidae) 
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[Lepidaphyciis  Blanchard]  = Homalotylus  Mayr 
(Encyrtidae) 

Linepithema  humile  (Mayr)  (Formicidae)  - Argentine 
ant 

[Lygocerus  Foerster]  = Dendrocerus  (Megaspilidae) 
Lysiphlelms  fahamm  (Marshall)  (Braconidae) 
Lysiphlebus  testaceipes  (Cresson)  (Braconidae) 
[Mendozaniella  Brethes]  = Homalotylus  Mayr 
(Encyrtidae) 

Merismoclea  rojasi  De  Santis  (Pteromalidae) 
Mesopolobus  Westwood  (Pteromalidae) 

Mesopolobus  secundus  (Crawford)  (Pteromalidae) 
[Mestocharis  lividus  Girault)]  = Pediobius  foveolatus 
(Crawford)  (Eulophidae) 

Metastenus  Walker  (Pteromalidae) 

Metastenus  caliginosus  Szelenyi  (Pteromalidae) 
Metastenus  concinnus  Walker  (Pteromalidae) 
Metastenus  indicus  Sureshan  & Narendran 
(Pteromalidae) 

Metastenus  sulcatus  (Dodd)  (Pteromalidae) 

Metastenus  townsendi  (Ashmead)  (Pteromalidae) 
Microctonus  Wesmael  (Braconidae) 

Monomorium  minimum  (Buckley)  (Formicidae)  - little 
black  ant 

Myrmica  ruginodis  Nylander  (Formicidae) 

Myrmica  rugulosa  Nylander  (Formicidae) 
[Neoaeiiasioidea  Agarwal]  = Homalotylus  Mayr 
(Encyrtidae) 

[Neotainania  Husain  & Agarwal]  = Uga  Girault 
(Chalcididae) 

[Nobrimus  Thomson]  = Homalotylus  Mayr  (Encyrtidae) 
Nothoserphus  Brues  (Proctotrupidae) 

Nothoserphus  admirabilis  Lin  (Proctotrupidae) 
Nothoserphus  aequalis  Townes  (Proctotrupidae) 
Nothoserphus  ajissae  (Watanabe)  (Proctotrupidae) 
Nothoserphus  boops  (Thomson)  (Proctotrupidae) 
Nothoserphus  debilis  Townes  (Proctotrupidae) 
Nothoserphus  epilachnae  (Pschorn-Walcher) 
(Proctotrupidae) 

Nothoserphus  fuscipes  Lin  (Proctotrupidae) 
Nothoserphus  mirahilis  Brues  (Proctotrupidae) 
Nothoserphus  partitus  Lin  (Proctotrupidae) 
Nothoserphus  scymni  (Ashmead)  (Proctotrupidae) 
Nothoserphus  townesi  Lin  (Proctotrupidae) 

Omphale  Haliday  (Eulophidae) 

[Omphale  epilachni  Singh  & Khan]  = Chrysonotomyia 
appannai  (Chandy  Kurian)  (Eulophidae) 

Ooencyrtus  azul  Prinsloo  (Encyrtidae) 

Ooencyrtus  bedfordi  Prinsloo  (Encyrtidae) 

Ooencyrtus  camerounensis  (Risbec)  (Encyrtidae) 
Ooencyrtus  distatus  Prinsloo  (Encyrtidae) 


Ooencyrtus  epilachnae  Annecke  (Encyrtidae) 
[Ooencyrtus  epulus  Annecke]  = Ooencyrtus 
camerounensis  (Risbec)  (Encyrtidae) 

Ooencyrtus  polyphagus  (Risbec)  (Encyrtidae) 
Ooencyrtus  puparum  Prinsloo  (Encyrtidae) 

Ooencyrtus  sinis  Prinsloo  (Encyrtidae) 

Oomi/ziis  Rondani  (Eulophidae) 

Oomyzus  nmshhoodi  (Khan  & Shafee)  (Eulophidae) 
Oomyzus  scaposus  (Thomson)  (Eulophidae) 

Oomyzus  sempronius  (Erdoes)  (Eulophidae) 

Ophelosia  bifasciata  Girault  (Pteromalidae) 

Oricoruna  Boucek  (Pteromalidae) 

Ophelosia  crawfordi  Riley  (Pteromalidae) 

Oricoruna  orientalis  (Crawford)  (Pteromalidae) 
Pachyneuron  Walker  (Pteromalidae) 

Pachyneuron  albutius  Walker  (Pteromalidae) 
Pachyneuron  altiscuta  Howard  (Pteromalidae) 
Pachyneuron  chilocori  Domenichini  (Pteromalidae) 
[Pachyneuron  concolor  Forster]  = Pachyneuron 
muscarum  (L.)  (Pteromalidae) 

Pachyneuron  muscarum  (L.)  (Pteromalidae) 
[Pachyneuron  siculum  Delucchi]  = Pachyneuron 
muscarum  (L.)  (Pteromalidae) 

Pachyneuron  solitarium  (Hartig)  (Pteromalidae) 
[Pachyneuron  syrphi  (Ashmead)]  = Pachyneuron 
albutius  Walker  (Pteromalidae) 

Parachrysocharis  Girault  (Eulophidae) 

Paratrechina  Motschulsky  (Formicidae) 

Pediobius  Walker  (Eulophidae) 

Pediobius  amaurocoelus  (Waterston)  (Eulophidae) 
[Pediobius  epilachnae  (Rohwer)]  = Pediobius  foveolatus 
(Crawford)  (Eulophidae) 

Pediobius  foveolatus  (Crawford)  (Eulophidae) 

[Pediobius  mediopunctata  (Waterston)]  = Pediobius 
foveolatus  (Crawford)  (Eulophidae) 

Pediobius  nishidai  Hansson  (Eulophidae) 

[Pediobius  simiolus  (Takahashi)]  = Pediobius  foveolatus 
(Crawford)  (Eulophidae) 

[Perilitus  americanus  Riley]  = Dinocampus  coccinellae 
(Schrank)  (Braconidae) 

[Perilitus  coccinellae  (Schrank)]  = Dinocampus 
coccinellae  (Schrank)  (Braconidae) 

Perilitus  rutilus  (Nees)  (Braconidae) 

Perilitus  stuardoi  Porter  (Braconidae) 

[Perilitus  terminatus  (Nees)]  = Dinocampus  coccinellae 
(Schrank)  (Braconidae) 

Pheidole  megacephala  (F.)  (Formicidae)  - big-headed 
ant 

Phygadeuon  subfuscus  Cresson  (Iclmeumonidae) 
[Pleurotropis  Foerster]  = Pediobius  Walker  (Eulophidae) 
Pnigalio  agraules  (Walker)  (Eulophidae) 
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Pmon  volucre  (Haliday  (Braconidae) 

Pristomyrmex  pungens  Mayr  (Formiddae) 
Pwchiloneurus  aegyptiacus  (Mercet)  (Encyrtidae) 
Pwchiloneurus  nigriflagellum  (Girault)  (Encyrtidae) 
Pseudocatolaccus  Masi  (Pteromalidae) 

Quadrastichus  ovulorum  (Ferriere)  (Eidophidae) 
[Scynmophagus  Ashmead]  = Metastenus  Walker 
(Pteromalidae) 

[Scymnophagus  mesnili  Ferriere]  = Metastenus 
concinnus  Walker  (Pteromalidae) 

Sigmoepilachna  indica  Khan,  Agnihotri  & Sushil 
(Eulophidae) 

Solenopsis  invicta  Buren  (Formiddae)  - red  imported 
fire  ant 

[Syntomosphyrus  taprobanes  Waterston]  = Oomyzus 
scaposus  (Thomson)  (Eulophidae) 

Syrphoctonus  tarsatorius  (Panzer)  (Iclmeumonidae) 
Tamarixia  radiata  (Waterston)  (Eulophidae) 

Tapinoma  nigerrimum  (Nylander)  (Eormiddae) 
Tetramorium  caespitum  (L.)  (Formiddae) 

Tetrastichus  Fialiday  (Eulophidae) 

[Tetrastichus  cocdnellae  Kurdjumov]  = Oomyzus 
scaposus  (Thomson)  (Eulophidae) 

Tetrastichus  cydoniae  Risbec  (Eulophidae) 

Tetrastichus  decrescens  Graham  (Eidophidae) 
Tetrastichus  epilachnae  (Giard)  (Eulophidae) 
[Tetrastichus  melanis  Burks]  = Oomyzus  scaposus 
(Thomson)  (Eulophidae) 

Tetrastichus  orissaensis  Fiusain  & Khan  (Eulophidae) 
[Tetrastichus  sexmaculatus  Chandy  Kurian]  = Oomyzus 
scaposus  (Thomson)  (Eulophidae) 

[Thomsonina  Hellen]  = Nothoserphus  Brues 
(Proctotrupidae) 

Trichogramma  Westwood  (Trichogrammatidae) 
Trichogramma  evanescens  Westwood 
(Trichogrammatidae) 

Trichomalopsis  Crawford  (Pteromalidae) 

Trichomalopsis  acuminata  (Graham)  (Pteromalidae) 
Trichomalopsis  dubia  (Ashmead)  (Pteromalidae) 
[Tripolycystus  Dodd]  = Metastenus  Walker 
(Pteromalidae) 

Uga  Girault  [Neotainania  Fiusain  & Agarwal] 
(Chalcididae) 

Uga  colliscutellurn  (Girault)  (Chalcididae) 

Uga  coriacea  Kerrich  (Chalcididae) 

Uga  digitata  Qian  & Ffe  (Chalcididae) 

Uga  hemicarinata  Qian  & Li  (Chalcididae) 

Uga  javanica  Kerrich  (Chalcididae) 

Uga  menoni  Kerrich  (Chalcididae) 

Uga  sinensis  Kerrich  (Chalcididae) 

Wasmannia  auropunctata  (Roger)  (Pormicidae) 


[Watanabeia  Masner]  = Nothoserphus  Brues 
(Proctotrupidae) 

Coleoptera  (other  than  Coccinellidae) 

Agelastica  coerulea  (Baly)  (Chrysomelidae)  - alder  leaf 
beetle 

Agonum  dorsale  (Pontoppidan)  (Carabidae) 

Chrysomela  populi  L.  (Chrysomelidae)  - poplar  leaf 
beetle 

Chrysophtharta  bimaculata  (Olivier)  (Chrysomelidae) 

- eucalyptus  leaf  beetle 

Diabrotica  virgifera  LeConte  (Chrysomelidae)  — western 
corn  rootworm 

Dicranolaius  bellulus  (Guerin-Meneville)  (Melyridae) 
Dytiscus  sp.  (Dytiscidae) 

Galeruca  interrupta  arminiaca  Weise  (Chrysomelidae) 
Galerucella  lineola  (F.)  (Chrysomelidae) 

Galerucella  pusilla  Duftschmid  (Chrysomelidae) 

- golden  loosestrife  beetle 

Galerucella  sagittariae  Gyllenhal  (Chrysomelidae) 

- cloudberry  beetle 

Harpalus  pennsylvanicus  (De  Geer)  (Carabidae) 

Flypera  postica  (Gyllenhal)  (Curculionidae)  - alfalfa 
weevil 

Laricohius  nigrinus  Fender  (Derodontidae) 

Leptinotarsa  decemlineata  (Say)  (Chrysomelidae)  — 
Colorado  potato  beetle 
[Melasoma  populi  (L.)]  = Chrysomela  populi  L. 

(Chrysomelidae) 

Melolontha  sp.  (Scarabaeidae) 

Plagiodera  versicolora  (Laicharting)  (Chrysomelidae) 
Platynus  dorsalis  (Pontopiddan)  (Carabidae) 
Pterostichus  melanarius  (Illiger)  (Carabidae) 

[Pyrrhalta  luteola  (Muller)]  = Xanthogaleruca  luteola 
(Muller)  (Chrysomelidae) 

Sitona  discoideus  Gyllenhal  (Curculionidae) 

Stenotarsus  rotundus  Arrow  (Endomychidae) 
Tachyporus  sp.  (Staphylinidae) 

Xanthogaleruca  luteola  (Muller)  (Chrysomelidae)  - elm 
leaf  beetle 


PARASITIC  MITES 

Coccipolipus  Husband  (Podapolipidae) 
Coccipolipus  africanae  Husband  (Podapolipidae) 
Coccipolipus  arturi  Haitlinger  (Podapolipidae) 
Coccipolipus  benoiti  Husband  (Podapolipidae) 
Coccipolipus  bifasciatae  Husband  (Podapolipidae) 
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Coccipolipus  cacti  Husband(PodapoIipidae) 

Coccipolipus  camerouni  Husband  (Podapolipidae) 
Coccipolipus  chilocori  Husband  (Podapolipidae) 
Coccipolipus  cooremaiii  Husband  (Podapolipidae) 
Coccipolipus  epilachnae  Smiley  (Podapolipidae) 
Coccipolipus  hippodamiae  (McDaniel  & Morrill) 
(Podapolipidae) 

Coccipolipus  macfarlanei  Husband  (Podapolipidae) 
Coccipolipus  micraspisi  Husband  (Podapolipidae) 
Coccipolipus  oconnori  Husband  (Podapolipidae) 
Coccipolipus  solanophilae  (Cooreman)  (Podapolipidae) 
Hemisarcoptes  Lignieres  (Hemisarcoptidae) 
Hemisarcoptes  cooremani  Thomas  (Hemisarcoptidae) 
Leptus  ignotus  (Oudemans)  (Erythraeidae) 

ARACHNIDA  (other  than 
parasitic  mites) 

Agistemus  longisetus  Gonzalez  (Stigmaeidae) 

Amblyseius  andersoni  (Chant)  (Phytoseidae) 

Amblyseius  fallacis  (Garman)  (Phytoseidae) 
Amphitetranychus  viennensis  (Zacher)  (Tetranychidae) 

- hawthorn  spider  mite  or  fruit  tree  spider  mite 
Araneus  diadematus  (Clerck)  (Araneidae) 

Bryobia  praetiosa  Koch  (Tetranychidae)  - clover  mite 
Bryobia  rubrioculus  (Scheuten)  (Tetranychidae) 

- brown  mite  or  brown  apple  mite 
Cheiracanthium  (Miturgidae) 

Clubiona  reclusa  O.P.-  Cambridge  (Clubionidae) 
[Metatetranychus  uhni  (Koch)]  = Panonychus  ulmi 
(Koch)  (Tetranychidae) 

Misumenops  tricuspidatus  (F.)  (Thomisidae) 

Panonychus  mori  Yokovama  (Tetranychidae) 

Panonychus  ulmi  (Koch)  (Tetranychidae)  - red  spider 
mite  or  European  red  mite 
Tetranychus  evansi  Baker  & Pritchard  (Tetranychidae) 
Tetranychus  lintearius  Dufour  (Tetranychidae)  - gorse 
spider  mite 

Tetranychus  mcdanieli  McGregor  (Tetranychidae) 
[Tetranychus  telarius  (L.)]  = Tetranychus  urticae  Koch 
(Tetranychidae) 

Tetranychus  urticae  Koch  (Tetranychidae)  - two-spotted 
spider  mite 

Thanatus  Koch  (Philodromidae) 

NEMATODES 

[Coccinellimermis  Rubtzov]  = Hexamermis  Steiner 
(Mennithidae) 


Hexamermis  Steiner  (Mermithidae) 

Howardula  Cobb  (Allantonematidae) 

Mermis  Dujardin  (Mermithidae) 

Parasitilenchus  coccinellinae  Iperti  & van  Waerebeke 
(Allantonematidae ) 

MOLLUSCA 

Arion  ater  (L.)  (Arionidae)  - European  black  slug 
Arion  hortensis  (Eerussac)  (Arionidae)  - garden  slug 
Deroceras  reticulatum  (Muller)  (Limacidae)  - grey  field 
slug  or  grey  garden  slug 

Tandonia  budapestensis  (Hazay)  (Milacidae)  - Budapest 
slug 


AVES 

Acrocephalus  schoenobaenus  (L.)  (Sylviidae)  - sedge 
warbler 

Alauda  arvensis  L.  (Alaudidae)  — sky  lark 
Anthus  campestris  (L.)  (Motacillidae)  - tawny  pipit 
Anthus  pratensis  (L.)  (Motacillidae)  - meadow  pipit 
Anthus  trivialis  (L.)  (Motacillidae)  - tree  pipit 
Apus  apus  (L.)  (Apodidaae)  — common  swift 
Calandrella  cinerea  (Gmelin)  (Alaudidae)  - red-capped 
lark 

Coturnix  coturnix  L.  (Phasianidae)  - quail 
Coturnix  japonicus  Temminck  & Schlegel  (Phasianidae) 
- Japanese  quail 

Cuculus  canorus  L.  (Cuculidae)  - common  cuckoo 
Cyanistes  caeruleus  (L.)  (Paridae)  - blue  tit 
Delichon  urbica  (L.)  (Hirundinidae)  - house  martin 
Dendrocopos  medius  (L.)  (Picidae)  - middle  spotted 
woodpecker 

Picedula  parva  (Bechstein)  (Muscicapidae)  - red-headed 
flycatcher 

Hippolais  icterina  (Vieillot)  (Sylviidae)  - icterine 
warbler 

Himndo  rustica  L.  (Hirundinidae)  - barn  swallow 
Luscinia  luscinia  (L.)  (Muscicapidae)  - thrush 
nightingale 

Luscinia  svecica  (L.)  (Muscicapidae)  - bluethroat 
Melanocorypha  calandra  (L.)  (Alaudidae)  - Calandra  lark 
Motacilla  flava  L.  (Motacillidae)  - blue-headed  wagtail 
Muscicapa  striata  (Pallas)  (Muscicapidae)  - spotted 
flycatcher 

Oenanthe  oenanthe  (L.)  (Muscicapidae)  - northern 
wheatear 
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Parus  major  L.  (Paridae) 

Passer  domesticus  (L.)  (Passeridae)  - house  sparrow 
Passer  montanus  (L.)  (Passeridae)  - tree  sparrow 
Phoenicurus  ochruros  (Gmelin)  (Muscicapidae)  - black 
redstart 

Phoenicurus  phoenicurus  (L.)  (Muscicapidae)  - common 
redstart 

Phijlloscopus  collybita  (Vieillot)  (Phylloscopidae) 

~ common  chiffchaff 

Phylloscopus  trochilus  (L.)  (Phylloscopidae)  - willow 
warbler 

Saxicola  ruhicola  (L.)  (Muscicapidae)  - common 
stonechat 

Sitta  europaea  L.  (Sittidae)  - wood  nuthatch 
Sturnus  vulgaris  L.  (Sturnidae)  - common  starling 
Sylvia  atricapilla  (L.)  (Sylviidae)  - blackcap 
Sylvia  borin  (Boddaert)  (Sylviidae)  - garden  warbler 
Sylvia  communis  Latham  (Sylviidae)  — common 
whitethroat 

Sylvia  curruca  (L.)  (Sylviidae)  - lesser  whitethroat 
Sylvia  nisoria  (Bechstein)  (Sylviidae)  - barred  warbler 
Turdus  philomelos  (Turton)  (Turdidae)  - song  thrush 
Turdus  merula  L.  (Turdidae)  - Eurasian  blackbird 

FUNGI 

Alternaria  Nees  (Pleosporaceae) 

Beauveria  bassiana  (Balsamo)  Vuillemin 
( Cordycipitaceae ) 

Cladosporium  Link  (Davidiellaceae) 

Erisyphe  polygoni  DC.  (Erisyphaceae)  — powdery 
mildew 

Erysiphe  cichoracearum  DC  (Erisyphaceae) 

Hesperomyces  Thaxter  (Laboulbeniaceae) 

Hesperomyces  chilomenis  (Thaxter)  Thaxter 
(Laboulbeniaceae) 

Hesperomyces  coccinelloides  (Thaxter)  Thaxter 
(Laboulbeniaceae) 

Hesperomyces  hyperaspidis  Thaxter  (Laboulbeniaceae) 
Hesperomyces  virescens  Thaxter  (Laboulbeniaceae) 

Isaria  farinosa  (Holmskiold  ex  S.  F.  Gray)  Fries 
( Cordycipitaceae ) 

Isaria  fumosorosea  Wize  (Cordycipitaceae) 

Lecanicillium  lecanii  (Zimmerman)  Zare  & Gams 
( Cordycipitaceae ) 

[Lecanicillium  longisporum  (Zimmerman)  Zare  & Gams 
- as  ’Vertalec']  = Lecanicillium  lecanii  (Zimmerman) 
Zare  & Gams  (Cordycipitaceae) 

Metarhizium  anisopliae  (Metschnikoff)  Sorokin 
(Clavicipitaceae) 


Microsphaera  alphitoides  Griffon  & Maublanc 
(Erisyphaceae) 

Microsphaera  pulchra  Cooke  & Peck  (Erisyphaceae) 
ISeotyphodium  lolii  Latch  et  al.  (Clavicipitaceae) 

Nosema  coccinellae  Lipa  (Nosematidae) 

Nosema  epilachnae  Brooks,  Hazard  & Becnel 
(Nosematidae) 

Nosema  henosepilachnae  Toguebaye  & Marchand 
(Nosematidae) 

Nosema  hippodamiae  Lipa  & Steinhaus  (Nosematidae) 
Nosema  tracheophila  Cali  & Briggs  (Nosematidae) 
Nosema  varivestis  Brooks,  Hazard  & Becnel 
(Nosematidae) 

Tubulinosema  hippodamiae  Bjornson,  Le,  Saito  & Wang 
(Nosematidae) 

Oidium  monilioides  (Nees)  Link  (Erisyphaceae) 
[Paecilomyces  farinosus  (Holmskiold  ex  S.  F.  Gray) 
Brown  & Smith]  = Isaria  farinosa  (Holmskiold  ex  S. 
F.  Gray)  Fries  (Cordycipitaceae) 

[Paecilomyces  fumosoroseus  (Wize)  Brown  & Smith]  = 
Isaria  fumosorosea  Wize  (Cordycipitaceae) 

Pandora  neoaphidis  (Remaudiere  & Hennebert) 
Humber  (Entomophthoraceae) 

Phyllactinia  moricola  (Hennebert)  Homma 
(Erisyphaceae) 

Podosphaera  leucotricha  (Ellis  & Everhart)  E.S.  Salmon 
(Erisyphaceae)  - apple  powdery  mildew 
Podosphaera  tridactyla  (Wallroth)  de  Bary 
(Erisyphaceae)  - plum  powdery  mildew 
Puccinia  Pers.  (Pucciniaceae) 

Saccharomyces  fragilis  Kudr]  awzew 
( Saccharomycetaceae  ) 

Sphaerotheca  castagnei  Leverrier  (Erisyphaceae)  - hop 
powdery  mildew 

Sphaerotheca  cucurbitae  (Jaczewski)  Z.Y.  Zhao 
(Erisyphaceae) 

Sphaerotheca  pannosa  (Wallroth)  de  Bary 
(Erisyphaceae)  — rose  powdery  mildew 
[Verticillium  lecanii  (Zimmerman) 

Viegas]  = Lecanicillium  lecanii  (Zimmerman)  Zare  & 
Gams  (Cordycipitaceae) 

PROTISTS 

Anisolobus  indicus  Haidar,  Ray  & Bose  (Gregarinidae) 
Brustiospora  indicola  Kundu  & Haidar 
(Brustiophoridae) 

Gregarina  Dufour  (Gregarinidae) 

Gregarina  barbarara  Watson  (Gregarinidae) 
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Gregarina  californica  Lipa  (Gregariiiidae) 

Gregarina  chilocori  Obata  (Gregarinidae) 

Gregarina  coccinellae  Lipa  (Gregarinidae) 

Gregarina  dasguptai  Mandal,  Rai,  Pranhan,  Gurung, 
Sharma,  Rai  & Mandal  (Gregarinidae) 

Gregarina  fragilis  Watson  (Gregarinidae) 

Gregarina  hyashii  Sengupta  & Haidar  (Gregarinidae) 
Gregarina  katherina  Watson  (Gregarinidae) 

Gregarina  ruszkowskii  Lipa  (Gregarinidae) 

Gregarina  straeleni  Theodorides  & Jolivet 
(Gregarinidae) 


BACTERIA 

Alcaligenes  paradoxus  Davis  (Alcaligenaceae) 

Bacillus  thuringiensis  Berliner  (Bacillaceae) 
Flavobacteriuin  Bergey  (Flavobacteriaceae) 

Rickettsia  da  Rocha-Lima  (Rickettsiaceae) 

Spiroplasma  Saglio,  Lhospital,  Lafleche,  Dupont,  Bove, 
Tully  & Freundt  (Spiroplasmataceae) 

Wolbachia  Hertig  (Rickettsiaceae) 


PLANTS 

Abies  balsamea  (L.)  Miller  (Pinaceae)  - balsam  fir 
Abutilon  theophrasti  Medikus  (Malvaceae)  - Chinese 
jute  or  Indian  Mallow 
Acacia  Miller  (Fabaceae) 

Acalypha  ostryaefolia  Riddell  (Euphorbiaceae) 
Aconitum  L.  (Ranunculaceae) 

Aframomum  melegueta  (Roscoe)  K.  Schum 

(Zingiberaceae)  - grains  of  paradise  or  melegueta 
pepper 

Agropyron  desertorum  (Link)  Schultes  (Poaceae) 

- crested  wheatgrass 

Alnus  japonica  (Thunberg)  Steudel  (Betulaceae) 
Amaranthus  hybridus  L.  (Amaranthaceae) 

Ambrosia  artemisiifolia  L.  (Asteraceae)  - hogbrake 
Anethum  graveolens  L.  (Apiaceae)  - dill 
Artemisia  tridentata  Nuttall  (Asteraceae)  - sagebrush 
Artemisia  vulgaris  L.  (Asteraceae)  - wormwood 
Atriplex  sagittata  Borkhausen  (Chenopodiaceae) 
Benthamidia  florida  (L.)  Spach  (Cornaceae) 

Berberis  vulgaris  L.  (Berberidaceae)  - common 
barberry 

Beta  vulgaris  L.  (Chenopodiaceae)  - sugar  beet  and 
garden  beet 


Betula  populifolia  Marshall  (Betulaceae) 

Brassica  campestris  L.  (Brassicaceae) 

Brassica  napus  L.  (Brassicaceae)  - rape 
Brassica  napus  L.  subsp.  oleifera  DC  Metzger 
(Brassicaceae)  - oil  seed  rape 
Brassica  nigra  (L.)  Koch  (Brassicaceae)  - black  (or 
brown)  mustard 

Brassica  oleracea  L.  Italica  group  (Brassicaceae) 

- broccoli 

Brassica  oleracea  L.  (Brassicaceae) 

Calotropis  procera  (Aiton)  Aiton  (Apocynaceae) 

Caltha  palustrisL.  (Ranunculaceae) 

Cannabis  sativa  L.  ( Cannabaceae)  — Indian  hemp 
Carduus  crispus  L.  (Asteraceae) 

Carpinus  caroliniana  Walter  (Betulaceae)  - American 
hickory 

Caulophyllum  robustum  Maximowicz  (Berberidaceae) 
Centaurea  jaceah.  (Asteraceae) 

Centrosema  piibescens  Bentham  (Fabaceae) 

Chamerion  angustifolium  (L.)  Holub  (Onagraceae) 

- fireweed 

Chenopodium  L.  (Chenopodiaceae) 

Cirsium  arvense  (L.)  Scopoli  (Asteraceae)  - creeping 
thistle 

Cirsium  kagamontanum  Nakai  (Asteraceae) 

Cirsium  kamtschaticum  De  Candolle  (Asteraceae) 

Citrus  sinensis  (L.)  Osbeck  (Rutaceae)  - sweet  orange 
Clematis  L.  (Ranunculaceae) 

Coriandrum  sativum  L.  (Apiaceae)  - coriander 
Cosmos  (Asteraceae) 

Cotoneaster  integerrima  Medikus  (Rosaceae) 
Cotoneaster  tome/ztosus  Lindley  (Rosaceae) 

Crotalaria  striata  De  Candolle  (Fabaceae) 

Cucurbita  maxima  Duchesne  (Cucurbitaceae)  - squash 
or  pumpkin 

Cymbopogon  citratus  (De  Candolle)  Stapf  (Poaceae) 

- lemon  grass 

Dendrocalamus  giganteus  Munro  (Poaceae)  — giant 
bamboo 

Elytrigia  repens  (L.)  Nevski  (Poaceae)  - couch  grass 
Erythrina  corallodendron  L.  (Fabaceae) 

Euonymus  japonicus  Thunberg  ( Celastraceae ) 
Euphorbia  L.  (Euphorbiaceae) 

Eurotia  ceratoides  Meyer  (Chenopodiaceae) 

Genista  L.  (Fabaceae) 

Glochidion  ferdinandi  (Muller  Argiovensis)  Bailey 
(Euphorbiaceae) 

Flelianthus  annuus  L.  (Asteraceae)  - sunflower 
Hibiscus  L.  (Malvaceae) 

Juglans  cinerea  L.  (Juglandaceae)  - butternut 


Taxonomic  glossary  xxxvii 


Juniperus  virginiana  L.  (Ciipressaceae)  - red  cedar  or 
Virginian  pencil  cedar 

Lapsana  communis  L.  (Asteraceae)  - nipplewort 
Leontopodium  alpinum  Cassini  (Asteraceae)  - edelweiss 
LeiicflCTM  Bentham  (Fabaceae) 

LigustrumL.  (Oleaceae) 

Folium  multiflonim  Lamarck  (Poaceae)  - Italian  rye 
grass 

Folium  perenne  L.  (Poaceae)  - rye  grass 
Fonicera  periclymenum  L.  (Caprifoliaceae) 

- honeysuckle 

Fupinus  luteus  L.  (Fabaceae)  — yellow  lupin 
Fupinus  mutabilis  Sweet  (Fabaceae) 

Malus  piimila  Miller  (Rosaceae)  - apple 
Manihot  esculenta  Crantz  (Euphorbiaceae) 

Manikara  zapota  (L.)  P.  Royen  (Sapotaceae)  - sapodilla 
Medicago  sativa  L.  (Fabaceae)  - alfalfa  (or  often  lucerne 
in  UK) 

Mercurialis  aimiia  L.  (Euphorbiaceae)-  annual  mercury 
Momordica  charantia  L.  (Cucurbitaceae)  - bitter  melon 
Morus  australis  Pair.  (Moraceae) 

Nerium  oleander  L.  (Apocynaceae)  - oleander 
Nitraria  L.  (Nitrariaceae) 

Onoclea  sensihilis  L.  (Onocleaceae) 

Oryzopsis  hymenoides  (Roemer  & Schultes)  Piper 
(Poaceae)  - Indian  ricegrass 
PaederiafoetidaL.  (Rutaceae) 

Pastinaca  sativa  L.  (Apiaceae)  — parsnip 
Phaseolus  vulgaris  L.  (Fabaceae)  - French  bean  or 
haricot  bean 

Physalis  alkekengi  L.  (Solanaceae)  - Chinese  lantern 
Picea  schrenkiana  Fischer  & Meyer  (Pinaceae) 

Pinus  armandii  Franchet  (Pinaceae)  - Chinese  white 
pine 

Pinus  sylvestris  L.  (Pinaceae)  -Scots  pine 
Pisonia  L.  (Nyctaginaceae) 

Pisum  sativum  L.  (Fabaceae)  - garden  pea 
Pittosporum  tobira  Aiton  (Pittosporaceae) 

PopulusL.  (Salicaceae) 

Prunus  avium  (L.)  L.  (Rosaceae)  - gean  or  wild  cherry 
Prunus  cerasus  L.  (Rosaceae)  - morello  cherry  or 
amarelle  cherry 

Prunus  persica  (L.)  (Rosaceae)  - peach  or  nectarine 
Batsch 

Pterostyrax  hispidus  Siebold  & Zuccarini  (Styracaceae) 


Pyracantha  coccinea  M.H.  Roemer  (Rosaceae) 

- firethorn 

Quercus  rubra  L.  (Pagaceae)  - red  oak 
Raphanus  sativus  L.  (Brassicaceae)  - radish 
Robinia  pseudoacacia  L.  (Fabaceae) 

Rosa  multiflora  Thunberg  (Rosaceae) 

Rubus  occidentalis  L.  (Rosaceae) 

Salix  L.  (Salicaceae) 

Sambucus  nigra  L.  (Caprifoliaceae)  - elder 
Sambucus  racemosa  L.  subsp.  sieboldiana  (Miquel)  H. 

Kara  (Caprifoliaceae) 

Schizopepon  bryoniaefolius  Maximowicz 
(Cucurbitaceae) 

Senecio  jacohaea  L.  (Asteraceae)  - ragwort 
Senecio  vulgaris  L.  (Asteraceae)  - groundsel 
Sinapis  alba  L.  (Brassicaceae)  - white  (or  yellow) 
mustard 

Solatium  japonense  Nakai  (Solanaceae) 

Solatium  nigrum  L.  (Solanaceae)  - black  nightshade 
Solatium  tuberosum  L.  (Solanaceae)  - potato 
Solidago  canadensis  L.  (Asteraceae) 

Spartiiim  jimceum  L.  (Fabaceae)  - Spanish  broom 
Spiraea  (Rosaceae) 

StyraxL.  (Styracaceae) 

Symphoricarpos  rivularis  Sucksdorf  {Caprifoliaceae) 
Talinum  triangulare  (Jacquin)  Willdenow 
(Portiilacaceae) 

TamarixL.  (Tamaricaceae) 

Tanacetum  vulgare  L.  (Asteraceae)  - tansy 
Taraxacum  officinale  Weber  (Asteraceae)  - dandelion 
Trichosanthes  kirilowii  Maximowicz  (Cucurbitaceae) 
Tripleurospermiim  maritimiim  (L.)  Koch  (Asteraceae) 
Triticum  L.  (Poaceae)  - wheat 
Tsuga  Carriere  (Pinaceae) 

Typha  latifolia  L.  (Typhaceae)  - bullrush 
Ulmus  (Ulmaceae) 

Urtica  dioica  L.  (Urticaceae)  - stinging  nettle 
Verbascum  thapsiis  L.  (Scrophiilariaceae)  - Aaron’s  rod 
Viciafaba  L.  (Fabaceae)  — broad  bean  or  faba  bean 
Vida  sativa  L.  (Fabaceae)  - vetch  or  tare 
Vigna  iinguiculata  (L.)  Walpers  subsp.  cylindrica  (L.) 
Verdcourt  (Fabaceae) 

Withania  somnifera  (L.)  Dunal  (Solanaceae) 

Zea  mays  L.  (Poaceae)  - maize  (corn  in  USA) 

Zingiber  officinale  Roscoe  (Ziiigiberaceae)  - ginger 


Plate  7.5  Coccinellids  as  intraguild  predators,  (a)  Intraguild  predation  by  a fourth  instar  larva  of  Harmonia  axyridis  preying 
upon  a pupa  of  Adalia  bipunctata.  Picture  by  Serge  Laplante;  (b)  Intraguild  predation  by  an  adult  of  Stethorus  punctillwn 
preying  upon  a first  instar  of  the  mullein  bug  Campylomma  verhasci.  Picture  by  Olivier  Aubry  (Laboratoire  de  Lutte  biologique, 
UQAM.  2008). 


Plate  7.6  Coccinellids  as  intraguild  prey,  (a)  Intraguild  predation  by  an  adult  Podisus  rnaculiventris  on  a larva  of  Coleornegilla 
maculata  lengi  in  a soybean  field.  Picture  by  Florent  Renaud,  2007;  (b)  Intraguild  predation  by  a Thanatus  sp.  spider  on  an  adult 
of  Harmonia  axyridis  in  an  apple  orchard.  Picture  by  Jennifer  de  Almeida,  2008  (Both  pictures  from  Laboratoire  de  Lutte 
biologique,  UQAM). 
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Plate  8.6  Cowperia  indica  (photo  courtesy  of  J.  Poorani). 


Plate  8.8  The  underside  of  the  elytron  of  an  Adalia 
hipimctata  infected  with  Cocdpolipus  hippodarniae  (six  large 
adult  female  mites  and  their  eggs  are  visible)  (photo 
courtesy  of  Emma  Rhule). 


Plate  8.9  Thalli  of  Hespewmyces  coccinelloides  on  the  elytra 
of  Stethorus  pusillus  (photo  courtesy  of  Johan  Bogaert). 


Plate  8.7  A pupa  of  Nothoserphus  mimhilis  attached  to  the 
ventral  side  of  its  killed  host,  a larva  of  Menochilus 
sexmaculatus  (photo  courtesy  of  J.  Poorani). 


Plate  8.10  A clutch  of  Adalin  hipunctata  eggs  and  young 
larvae  in  which  only  half  the  offspring  have  hatched,  due  to 
the  action  of  a male-killing  Rickettsia  (Photo:  Remy  Ware). 


Plate  10.1  Exclusion  cages  mounted  in  an  alfalfa  field  to 
determine  impact  of  coccinellid  species  feeding  on  pea 
aphids,  Acyrthosiphon  piswn  (photo:  Edward  Evans). 


Plate  10.2  An  exclusion  cage  designed  for  assessing  impact 
of  coccinellids  and  other  natural  enemies  on  aphids  and 
psyllids  infesting  expanding  grapefruit  terminals.  The  cage  is 
constructed  from  a clear  plastic  2-litre  soda  bottle  with 
mesh  sleeves  attached  to  either  end  with  silicone  and 
fastened  to  the  branch  with  a length  of  wire  secured  to  the 
inside  of  the  bottle  with  packing  tape.  The  sleeve  mesh  can 
be  selected  to  permit  the  passage  of  particular  insects  (in 
this  case,  parasitoids),  while  excluding  larger  ones 
(coccinellids).  The  basal  sleeve  is  attached  tightly  around  the 
branch  with  a zip  tie:  the  terminal  sleeve  is  sufficiently  long 
to  permit  unimpeded  growth  of  the  shoot  for  2-3  weeks  and 
can  be  untied  to  permit  periodic  access  and  counting  of 
insects  (photo:  J.P.  Michaud). 


Plate  10.5  A 96-well  microtitre  plate  following  enzyme- 
linked  immunosorbent  assay.  The  amount  of  antigen- 
antibody  binding  is  signified  by  the  intensity  of  the  reaction; 
absorbance  is  typically  monitored  by  spectrophotometer  to 
infer  qualitative  (and  occasionally  semi-quantitative) 
assessments  of  predation  (photo:  James  Harwood). 


Plate  11.5  Close-up  of  an  adult  Hippodamia  convergens 
drinking  extra-floral  nectar  from  the  petiole  of  a sunflower 
plant  Helianthus  annuus  (J.P.  Michaud). 


Plate  11.6  A 'beetle  bank'  comprising  a strip  of  perennial 
grasses  forming  dense  tussocks  to  serve  as  overwintering 
habitat  for  coccinellids  and  other  beneficial  insects  (Otago 
Regional  Council,  New  Zealand). 


Plate  11.1  An  assassin  bug  (Reduviidae)  preying  on  an 
adult  Hippodamia  convergens  (J.P.  Michaud). 


Plate  1 1.2  The  vedalia  beetle  Rodolia  cardinalis  with  eggs 
and  neonate  larva  on  a mature  cottony  cushion  scale  (Jack 
Kelly  Clark,  courtesy  UC  Statewide  IPM  Program). 


Plate  11.3  Aggregation  of  Harmonia  axyridis  attempting  to 
enter  a house  under  a door  (courtesy  of  Marlin  Rice). 
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1.1  POSITION  OF  THE  FAMILY 

1.1.1  The  Cerylonid  complex 

The  family  Coccinellidae  includes  approximately  6000 
described  species  in  some  360  genera  and  42  tribes. 
Coccinellids  belong  to  the  superfamily  Cucujoidea  of 
the  Coleoptera  suborder  Polyphaga,  and  the  family  is  a 
member  of  the  phylogenetic  branch  frequently  referred 
to  as  the  Cerylonid  complex  or  series  of  families, 
which  is  composed  of  Alexiidae,  Cerylonidae,  Coccinel- 
lidae, Corylophidae,  Discolomatidae,  Endomychidae  {s. 
lat.  including  Mychotheninae,  Eidoreinae  and  Mero- 
physiinae)  and  Latridiidae  (Crowson  1955,  Lawrence 
& Newton  1995).  Bothrideridae  were  added  later  (Pal 
& Lawrence  1986).  Monophyly  of  the  Cerylonid  series 
was  based  on  morphological  characters  (Slipinski  & 
Pakaluk  1992)  and  confirmed  by  parsimony  analysis 
of  molecular  data  (Hunt  et  al.  2007,  Robertson  et  al. 
2008). 

Phylogenetic  relations  between  the  families  and 
subfamilies  included  in  the  Cerylonid  complex  are 
rather  complicated  and  not  fully  resolved  (Slipinski 
& Pakaluk  1992).  Early  morphological  studies  sup- 
ported a clade  Endomychidae  plus  Corylophidae  as  the 
sister  group  of  Coccinellidae  (Crowson  1955,  Sasaji 
1971a).  Affinities  have  been  proposed  between 
Endomychidae  and  Coccinellidae  (Pakaluk  & Slipinski 
1990:  Burakowski  & Slipinski  2000)  due  to  the 
presence  of  a characteristic  basal  (=  median)  lobe  of 
male  genitalia,  pseudotrimerous  tarsi  and  absence 
of  coronal  suture  on  the  head  of  larvae  (except  in 
Epilachninae):  Eupsylobiinae  (Endomychidae)  and 
Coccinellidae  (Pakaluk  & Slipinski  1990)  due  to 
the  long  penis  and  coccinellid-like  tegmen;  Mycetaei- 
nae  (Endomychidae)  and  Coccinellidae  (number  of 
abdominal  spiracles,  open  middle  coxal  cavity,  Kovaf 
1996:  distinct  pronotum  with  sublateral  carina, 
hidden  mesotrochantin,  Tomaszewska  2000):  Alexii- 
dae (=  Sphaerosomatidae)  and  Coccinellidae  (Slipinski 
& Pakaluk  1992):  Endomychidae  plus  Alexiidae  and 
Coccinellidae  (Pakaluk  and  Slipinski  1990):  or  between 
Corylophidae  and  Coccinellidae  (Sasaji  1971a;  ante- 
rior tentoria  separated,  frontoclypeal  suture  absent, 
common  type  of  antenna  and  tarsus,  Tomaszewska 
2005). 


1.1.2  Sister  families 

Tomaszewska  (2000)  argued  monophyly  of  the 
Endomychidae  plus  Coccinellidae  from  the  common 
characters  of  procoxal  cavity  externally  open,  tarsal 
formula  4-4-4,  abdomen  with  live  pairs  of  functional 
spiracles  and  median  lobe  without  additional  struts. 
However,  the  polyphyletic  nature  of  the  family  Endomy- 
chidae has  been  known  for  a long  time  (Slipinski  & 
Pakaluk  1992)  and  was  confirmed  with  molecular 
analyses  by  Robertson  et  al.  (2008)  that  grouped  the 
subfamily  Anamorphinae  with  the  Corylophidae,  and 
the  rest  with  the  Coccinellidae.  Later  analysis  by 
Tomaszewska  (2005),  based  on  adult  and  larval  char- 
acters, failed  to  confirm  a sister  relationship  of  the 
Endomychidae  and  Coccinellidae. 

The  comprehensive  molecular  study  of  beetles  by 
Hunt  et  al.  (2007)  placed  the  family  Alexiidae  or  the 
pair  of  Alexiidae  plus  Anamorphinae  (Endomychidae) 
as  the  sister  group  of  the  Coccinellidae.  Molecular 
analysis  of  the  Cerylonid  complex  by  Robertson  et  al. 
(2008)  proposed  the  subfamily  Leiestinae  (Endomychi- 
dae) or  the  complex  of  Endomychidae  (part)  plus 
(Corylophidae  plus  Anamorphinae  (Endomychidae)) 
as  sister  groups  of  the  Coccinellidae. 

1.1.3  Feeding  habits 

fn  either  case,  the  sister  group  of  Coccinellidae, 
and  their  common  ancestor,  were  probably  fungivo- 
rous  (Giorgi  et  al.  2009).  Eeeding  on  hemipterans 
(mainly  Sternorrhyncha)  has  evolved  predominantly 
in  coleopteran  lineages  that  contain  fungus  feeders 
(Derodontidae,  Silvanidae,  Laemophloeidae,  Nitiduli- 
dae,  Endomychidae,  Anthribidae)  and  whose  ancestors 
were  fungus  feeders  (Coccinellidae)  or  sap  feeders 
(Scarabaeidae:  Cetoniinae)  (Leschen  2000). 

1.1.4  Monophyly  of  Coccinellidae 

The  monophyly  of  the  family  Coccinellidae  was  based 
on  morphological  synapomorphies,  and  has  repeatedly 
been  supported  by  molecular  phylogenetic  analyses 
(Hunt  et  al.  2007,  Robertson  et  al.  2008,  Giorgi 
et  al.  2009),  even  early  ones  (Howland  & Hewitt 
1995)  that  did  not  place  the  family  in  the  Cucujiformia. 
The  first  to  recognize  the  morphological  synapomor- 
phy  (although  the  term  did  not  exist  at  that  time)  of 
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the  family,  the  siphonal  structure  of  penis,  was 

Verhoeff  (1895). 


1.2  CHARACTERISTICS  OF 
THE  FAMILY 

The  family  Coccinellidae  may  be  distinguished  from 
the  rest  of  the  cerylonid  complex  by  the  combination 
of  the  following  adult  characters:  (i)  live  pairs  of 
abdominal  spiracles,  (ii)  tentorial  bridge  absent,  (iii) 
anterior  tentorial  branches  separated,  (iv)  frontoclypeal 
suture  absent,  (v)  apical  segment  of  maxillary  palps 
never  needle-like,  (vi)  galea  and  lacinia  separated, 
(vii)  mandible  with  reduced  mola,  (viii)  procoxal  cavi- 
ties open  posteriorly,  (ix)  middle  coxal  cavities  open 
outwardly,  (x)  meta-epimeron  parallel  sided,  (xi) 
femoral  lines  present  on  abdominal  sternite  2, 
(xii)  tarsal  formula  4-4-4  or  3-3-3,  tarsal  segment  2 
usually  strongly  dilated  below,  (xiii)  male  genitalia 
with  tubular  curved  sipho,  distally  embraced  by  the 
tegmen.  Larvae  are  armed  with  setae  and  setose 
processes  {three  pairs  on  each  abdominal  segment), 
antennae  of  one  to  three  segments,  not  over  three 
times  as  long  as  wide,  frontoclypeal  suture  absent 
(except  some  Epilachnini).  Pupae  of  coccinellids  are  of 
the  type  pupa  adectica  obtecta  - all  appendages  are 
glued  to  the  body  by  exuvial  fluid.  The  pupa  is  attached 
to  the  substrate  by  the  tip  of  the  abdomen.  Coccido- 
phagy  is  a synapomorphy  for  the  family,  other  feeding 
habits,  including  mycophagy,  are  secondary  (Giorgi 
et  al.  2009). 

Liere  and  Perfecto  (2008)  suggested  that  the  ev- 
olution of  coccinellid  morphology  was  influenced  by 
relationships  with  ants.  The  result  of  a parallel  evolu- 
tion in  several  subfamilies  is  a mosaic  of  various  grades 
of  characters  and/or  apparent  similarities,  which 
mosaic  may  considerably  obscure  the  true  phyloge- 
netic relationships  within  the  family.  One  of  these 
characters  may  be  the  enlarged  eye  canthus,  formerly 
considered  an  apomorphy  of  the  Chilocorinae,  but 
which  probably  evolved  independently  in  the  Platy- 
naspidini  (Slipinski  2007).  Mouthpart  morphology 
was  used  in  determining  diet  and  host  specificity 
in  Coccinellidae  (Klausnitzer  1993,  Klausnitzer  & 
Klausnitzer  1997).  but  it  is  also  constrained  phylo- 
genetically  (Samways  et  al.  1997).  Major  larval  types 
were  defined  by  LeSage  ( 1 9 9 1 ).  Pupal  morphology  was 
used  for  phylogenetic  purposes  separately  from  other 
characters  (Phuoc  & Stehr  1974). 


1.3  CHANGES  IN  THE 
CLASSIFICATION  OF  SUBFAMILIES 

1.3.1  Morphologically  based  classifications 

Six  subfamilies  of  Coccinellidae  were  recognized  by 
Sasaji  (1968,  1971b):  Sticholotidinae,  Coccidulinae, 
Scymninae  + Chilocorinae,  Coccinellinae  -H  Epilachni- 
nae.  However,  his  knowledge  of  non-Japanese  taxa  was 
limited.  Korscheffsky  (1931)  classified  the  genus 
Lithophilus  in  a separate  subfamily  on  account  of  the 
tetramerous  structure  of  tarsus.  Klausnitzer  (1969, 
1970,  1971)  distinguished  this  subfamily  (as  Tetra- 
brachinae)  from  its  sister  group  Coccidulinae  based 
mainly  on  six  sclerites  on  the  pronotum  of  larvae 
as  apomorphy,  while  he  considered  adult  tetrameric 
tarsi  as  a plesiomorphy.  Kovaf  (1973)  added  this 
seventh  subfamily  (as  Lithophilinae)  to  Sasaji’s  phylo- 
genetic tree,  but  later  reassigned  it  to  tribal  level  within 
the  Coccidulinae  and  proposed  another  subfamily, 
the  Ortaliinae  (Kovaf  1996).  Chazeau  et  al.  (1990) 
retained  Sasaji's  six  subfamilies  with  slightly  rear- 
ranged tribes. 

The  monophyly  of  several  of  the  six  subfamilies 
proposed  by  Sasaji  has  been  disputed.  The  higher 
classification  of  Coccinellidae  appears  to  suffer  from  the 
presence  of  para-  and  polyphyletic  taxa  (Vandenberg 
2002).  This  problem  is  most  conspicuous  in  the 
formerly  basal  subfamilies  Sticholotidinae  and  Coccid- 
ulinae, and  in  the  fauna  of  poorly  studied  regions. 

1.3.2  Split  of  Sticholotidinae 

In  morphology  based  studies,  Duverger  (2003),  Slipin- 
ski and  Tomaszewska  (2005)  and  Vandenberg  and 
Perez-Gelabert  (2007)  proposed  dividing  up  the  highly 
diverse  subfamily  Sticholotidinae.  In  Sticholotis 
and  allies,  the  terminal  segment  of  the  maxillary  palp 
has  a long  obliquely  oriented  distal  sensory  surface 
on  one  side  of  the  tapered  apex,  similar  to  the  large 
sensory  surface  of  the  securiform  (axe-shaped)  palps 
of  derived  ‘true’  ladybirds;  while  in  Sukunahikona 
and  allies  the  sensory  surface  is  small,  oval  and  posi- 
tioned distally,  suggesting  a basal  position  for  this 
group.  The  subfamily  Sticholotidinae  also  formed  an 
unresolved  polytomy  in  cladistic  analysis  by  Yu 
(1994). 

The  subfamily  Sticholotidinae  was  established  by 
Sasaji  (1968)  with  four  tribes,  whilst  Sticholotidinae 
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sensu  Kovaf  (1996)  contained  10  tribes.  However,  the 
phylogenetic  relations  among  the  constituent  tribes 
remained  obscure  for  a long  time,  in  spite  of  an  attempt 
at  clarification  by  Gordon  (1977).  These  Sticholotidi- 
nae  s.  lat.  were  characterized  (Kovaf  1996),  among 
other  traits,  by  the  shape  of  the  apical  maxillary 
palp  segment  which  differs  from  the  rest  of  Coccinelli- 
dae  (narrowed  apically,  conical  or  barrel  shaped). 
However,  this  applies  to  the  recently  re-established 
Microweiseinae  (sensu  Slipinski  2007),  while  in  the 
Sticholotidinae  s.  sti:  the  last  segment  is  more  or  less 
enlarged,  approaching  the  typical  securiform  shape 
found  in  the  other  Coccinellidae. 

These  two  lineages  differ  substantially,  such  as  in 
the  shape  of  the  metendosternite,  presence  or  absence 
of  anterolateral  carinae  of  the  pronotum,  and  also 
in  characters  of  both  male  and  female  genitalia. 
Microweiseinae  retained  their  basal  position,  while 
Sticholotidinae  s.  str.  appeared  among  more  derived 
subfamilies,  Slipinski  (2007)  was  even  stricter,  dividing 
the  entire  family  into  only  two  subfamilies,  Micro- 
weiseinae and  Coccinellinae  that  contained,  in  his 
approach,  all  other  usually  separate  subfamilies  as 
tribes. 


1.3.3  Monophyly  of  other  subfamilies 

The  traditional  Coccidulinae  constitutes  another 
polyphyletic  group  which  suffers  from  a paucity  of 
serious  global  study  (Pope  1988,  Vandenberg  2002). 
Coccidulinae  was  a paraphyletic  group  in  respect  to  the 
Scymninae  + Chilocorinae  in  cladistic  analysis  by  Yu 
(1994)  based  on  adult  characters.  The  genera  Bucolus 
and  Cryptolaemus  were  variously  classified  in  the  past 
as  either  Coccidulinae  or  Scymninae.  Pope  (1988)  pro- 
posed combining  the  tribes  of  Coccidulinae  and 
Scymninae  into  a single  subfamily.  On  the  other  side, 
Chinese  specialists  (Pang  et  al.  2004,  Ren  et  al,  2009) 
distinguished  a higher  number  of  subfamilies:  Stichol- 
otinae  (s.  lat),  Scymninae,  Ortaliinae,  Hyperaspinae, 
Aspidimerinae,  Chilocorinae,  Coccidulinae,  Lithophili- 
nae,  Coccinellinae  and  Epilachninae. 

1.3. 3.1  Contribution  of  immature  stages 

Savoiskaya  and  Klausnitzer  (1973)  regarded  the  larval 
armature  of  the  thorax  and  abdomen  as  of  consider- 
able taxonomical  significance.  Savoiskaya  (1969)  pro- 
posed the  two  tribes  Tytthaspidini  and  Bulaeini  as 


independent,  based  mainly  on  morphology  of  larvae, 
while  the  tribe  Coccinellini  was  considered  polyphyletic 
(Savoiskaya  & Klausnitzer  1973)  only  because  differ- 
ent genera  of  this  tribe  have  variable  abdominal 
structures.  Cladistic  analysis  based  solely  on  larval 
characters  would  indicate  not  only  paraphyletic  and 
polyphyletic  Chilocorinae,  Coccidulinae  and  Scymni- 
nae, but  also  a generally  unacceptable  topology  of  the 
tree  (Yu  1994). 

1.3.4  Molecular  analyses 

fn  their  molecular  cladistic  study,  based  on  cytochrome 
oxidase  1 (COl)  and  internal  transcribed  spacers  (ITSl), 
Cihakova  and  Nedved  (unpublished)  found  that  the 
subfamily  Coccinellinae  is  monophyletic  with  the 
Halyziini  at  the  base.  The  three  subfamilies  Chilocori- 
nae, Scymninae  and  Coccidulinae  formed  a second 
closely  related  group,  with  the  Chilocorini  and  Platy- 
naspidini  not  grouped  together.  COI  discriminated  well 
at  the  intergeneric,  interspecific  and  intraspecific  levels 
(Palenko  et  al.  2004).  On  the  other  hand,  Schulenburg 
et  al.  (2001)  found  the  extremely  long  and  variable 
ITSl  sequence  to  be  unsuitable  for  phylogenetic 
reconstruction  at  the  subfamily  level.  A small  total 
genome  size  (0.19-0.99  pg  DNA)  is  typical  for  many 
coccinellids,  excluding  Exochomus  (Chilocorinae; 
1.71  pg)  (Gregory  et  al.  2003). 

Although  molecular  studies  usually  prove  stable 
for  studying  higher  taxa  (e.g.  families  of  Coleoptera, 
Hunt  et  al.  2007),  the  relationships  they  suggest  for 
lower  levels  (subfamilies  and  tribes)  are  sometimes 
dubious  because  of  low  sample  sizes  and  the  gene 
used.  When  only  four  coccinellid  genera  (Adalia,  Coc- 
cinella,  Calvia  and  Exochomus)  were  analysed,  different 
outgroups  and  different  tree-searching  algorithms 
yielded  strikingly  different  topologies  (Mawdsley 
2001).  A cladogram  based  on  combining  16Sand  12S 
mitochondrial  rDNA,  used  for  determining  genetic 
distances  of  8 coccinellid  species  (Tinsley  & Majerus 
2007),  gave  ambiguous  results.  Even  in  larger  studies, 
unexpected  clades  are  reported,  with  only  Coccinelli- 
nae remaining  monophyletic  (Hunt  et  al.  2007).  The 
subfamily  Chilocorinae  is  polyphyletic  in  the  study  by 
Robertson  et  al.  (2008),  because  the  Platynaspidini 
were  grouped  with  the  Hyperaspidini  (Scymninae).  In 
the  same  study,  the  Scymninae  is  polyphyletic,  the  tribe 
Ortaliini  were  grouped  with  the  Epilachninae  and  the 
Stethorini  with  the  Coccinellinae. 
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1. 3.4.1  Alternative  molecular  methods 

Zhang  et  al.  (1999)  used  isoenzyme  analysis  to  reveal 
the  relationship  between  live  species  of  Coccinellidae 
and  Zhang  and  Zheng  (2002)  used  RAPD  analysis  to 
reveal  the  relationship  between  six  species  of  Coccinel- 
linae,  both  with  reliable  results.  Phylogenetic  distance 
was  also  measured  indirectly  through  the  transmission 
efficiency  of  male-killing  bacteria,  which  has  been 
found  to  be  perfect  within  the  genus  from  which  the 
bacterium  was  isolated,  but  was  lower  in  less  related 
species  of  coccinellids  (Tinsley  & Majerus  2007). 


1 .3.5  Rejection  of  the  monophyly 
of  subfamilies 

A comprehensive  molecular  phylogenetic  analysis  of 
the  family  is  still  in  progress,  but  the  preliminary 
results  (Giorgi  et  al.  2009)  rejected  the  monophyly 
of  four  of  the  six  subfamilies  proposed  by  Sasaji. 
The  Sticholotidinae  were  split  into  two  unrelated 
groups,  where  the  Sukunahikonini,  Microweiseini  and 
Serangiini  formed  a basal  clade,  while  the  Sticholo- 
tidini  grouped  together  with  the  Exoplectrini  and  lay 
higher  up  the  tree.  The  subfamily  Chilocorinae  might 
be  limited  to  the  Chilocorini  + Telsimiini,  while  the 
Platynaspidini  tend  to  group  with  the  Scymninae.  The 
Scymninae  may  also  include  the  Ortaliinae  and 
parts  of  the  Coccidulinae;  however,  the  genera  Bucolus 
and  Cryptolaemus  should  fall  into  the  Coccidulinae 
s.  str.  The  Coccidulinae,  besides  being  added  near 
or  to  the  Scymninae,  lose  the  Exoplectrini,  which 
group  either  with  the  Sticholotidinae  s.  str.  or  the 
Chilocorinae  s.  str  The  monophyly  of  Epilachninae 
was  not  rejected,  but  the  sample  was  too  small  to 
support  it.  The  Coccinellinae  appeared  as  the  only 
stable  monophyletic  subfamily.  Both  Coccinellinae  and 
Epilachninae  were  monophyletic  in  a smaller  study 
with  16  species  and  one  gene  (COI)  (Eu  & Zhang 
2006).  Genera  Epilacima  and  Henosepilachna  were 
mixed  together;  tribe  Halyziini  was  embedded  deeply 
in  Coccinellini. 

Similarly,  in  another  recent  molecular  phylogenetic 
reconstruction  (Magro  et  al.  2010)  of  the  family. 
Coccinellinae  remained  the  single  subfamily  supported 
as  monophyletic.  Although  there  was  a relatively  good 
sample  of  genes  (six,  both  mitochondrial  and  nuclear, 
both  ribosomal  and  protein),  this  study  suffers  from 
low  taxon  sampling,  except  for  the  subfamily  Coccinel- 


linae. Monophyly  of  other  subfamilies  cannot  be  either 
rejected  or  supported.  However,  a noteworthy  finding 
was  the  placement  of  the  tribes  Tytthaspidini  and 
Halyziini  well  inside  the  tribe  Coccinellini.  The  concept 
of  these  three  tribes  should  be  re-examined. 

1.4  CHARACTERISTICS  OF  THE 
SUBFAMILIES  AND  TRIBES 

1.4.1  Proposed  classification 

Based  on  the  above  suggestions  for  reclassifying  the 
higher  taxonomy  of  the  family  and  on  molecular 
evidence,  we  propose  a preliminary  classification 
(see  Fig.  1.1)  of  Coccinellidae  with  nine  subfamilies: 
(Microweiseinae,  (Coccinellinae,  (Epilachninae,  (Stichol- 
otidinae, Exoplectrinae,  Chilocorinae,  (Scymninae, 
Coccidulinae),  Ortaliinae)))). 

1.4.2  Microweiseinae 

The  basal  subfamily  - Microweiseinae  - is  com- 
posed of  the  tribes  Carinodulini,  Sukunahikonini. 
Microweiseini  and  Serangiini  which,  except  for  an 
apomorphic  much  simplified  mandible  (with  single 
apical  tooth  and  no  mola),  share  many  ancestral 
characters  as  are  seen  on  the  metendosternite  with  a 
broad  and  very  short  furcate  stalk  bearing  slender 
anterolateral  arms.  Male  tegmen  asymmetrical  with 
no  or  only  slightly  differentiated  basal  lobe.  Maxillary 
palps  with  long  slender  apical  segment  with  small  sen- 
soric  area.  Larvae  densely  granulate  bearing  single 
minute  seta  on  each  granule,  without  defence  gland 
openings. 

1.4.3  Sticholotidinae 

Narrowly  defined  Sticholotidinae  s.  str  is  composed 
of  the  tribes  Shirozuellini  (syn.  Ghanini),  Cephalo- 
scymnini,  Plotinini,  Limnichopharini,  Sticholo- 
tidini  and  Argentipilosini.  It  is  rather  heterogeneous 
and  displays  both  primitive  and  derived  characters. 
Compactly  articulated  antenna  with  well-developed 
spindle-shaped  1-4  segmented  club  bearing  concen- 
tration of  short  sensory  setae  on  mesal  surface  of  last 
antennomere.  Maxillary  palps  geniculate,  terminally 
pointed.  Larvae  broadly  fusiform  with  lateral  setose 
processes,  finely  granulate  and  densely  pubescent. 
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Figure  1.1  Proposed  phylogenetic  relationships  between 
snbfamilies  and  tribes  compared  with  the  classification  by 
Kovar  (1996)  in  right  bars.  Ort.,  Ortaliinae;  Chil., 
Chilocorinae;  Ex.,  Exoplectrinae;  Microw,  Microweiseinae. 
Tree  drawn  by  Phy.fi  online  utility  (Fredslund  2006). 


abdominal  segments  1-8  with  defence  gland  openings. 
Pupa  with  urogomphi. 

Among  the  tribes  included  in  the  Sticholotidinae 
s.  str.  an  oriental  tribe,  the  Shirozuellini,  and  the 
Cephaloscymnini  from  the  New  World  are  close  to 
each  other  and  more  primitive  than  the  rest  in  having 
an  only  slightly  derived  prosternum  and  a six-seg- 
mented abdomen  (although  in  the  Cephaloscymnini 
the  last  segment  is  reduced).  However,  the  head  capsule 
is  largely  derived  in  both,  somewhat  resembling  that  of 
the  Chilocorinae.  The  remaining  four  tribes  share  a 
derived  five-segmented  abdomen. 


1.4.4  Coccinellinae 

A great  number  of  characters  are  more  or  less  univer- 
sal and  shared  by  particular  tribes  of  the  subfamily 
Coccinellinae.  However,  it  seems  that  the  female 
genital  plate  of  the  ‘handle  and  blade'  type  is  the 
only  true  synapomorphy  of  the  Coccinellinae.  Other 
characters  may  be  shared  with  diverse  tribes  of  other 
subfamilies.  Mandible  with  double  apical  tooth  and 
molar  tooth.  Maxillary  palp  is  securiform.  Abdomen 
with  six  ventrites.  Colour  pattern  may  be  very  striking 
and  aposematic.  Eggs  are  spindle  shaped,  laid  in 
clusters  in  upright  position,  similarly  to  Epilachninae, 
while  they  are  laid  singly  on  their  side  in  other  sub- 
families. Larvae  are  elongate  fusiform  with  variable 
setose  processes , often  with  conspicuous  colour  pattern. 

The  Neotropical  tribe  Discotomini  combines  the 
normal  carnivorous  type  of  mouthparts,  dorsally 
shifted  antennal  insertions  as  usual  in  the  Epilachni- 
nae, and  the  serrate  type  of  antennae.  The  oriental 
Singhikaliini  is  a single  tribe  within  the  Coccinellinae 
represented  by  pubescent  species.  The  peculiar  colour 
pattern  of  Singhikalia  resembles  that  of  the  tribe  Noviini 
(Ortalinae).  Fuersch  (1990)  moved  the  Singhikaliini 
into  the  Coccidulinae.  Jadwiszczak  (1990)  supported 
their  original  position  in  the  Coccinellinae  as  proposed 
by  Miyatake  (1972). 

The  tribes  Coccinellini,  Tytthaspidini  (syn. 
Bulaeini)  and  Halyziini  (syn.  Psylloborini)  form  a 
major,  species-rich  part  of  the  subfamily  Coccinellinae, 
containing  the  species  referred  to  as  ‘ladybirds'  or 
‘ladybugs’  in  the  narrow  sense. 

Although  only  the  tribes  Coccinellini  and  Halyziini 
are  usually  considered  distinct,  the  third  (Tytthas- 
pidini) should  also  be  treated  as  a distinct  tribe  because 
of  the  parallel  development  of  certain  important  char- 
acters, especially  the  frons  and  pronotum.  Both 
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plesiomorphic  and  apomorphic  types  of  frons  occur 
here  in  parallel.  Thus,  the  apomorphic  frons  type  is 
homoplastic  between  the  Tytthaspidini  and  the  other 
tribes. 

The  plesiomorphic  type  of  pronotum  is  quadrate 
with  anterior  corners  which  are  never  pointed,  and 
anterior  margin  slightly  emarginate,  not  or  partly 
concealing  the  head;  this  character  state  is  shared  by 
certain,  usually  elongate  members  of  all  three  tribes. 
However,  the  apomorphic  state  of  a trapezoidal  pro- 
notum which  is  strongly  emarginate  anteriorly  is 
predominant  in  the  Halyziini  and  less  frequently 
observed  in  the  Coccinellini  and  Tytthaspidini, 

In  tribe  Halyziini  the  eye  canthus  does  not  divide  the 
eye  (plesiomorphy),  with  the  eye  facets  sometimes 
coarse,  and  a simple  flagellum  on  the  median  lobe  of  the 
male  genitalia.  The  mandible,  with  several  small  teeth 
arranged  in  a row,  is  an  adaptation  to  mycetophagy,  A 
similar  mandible  and  a non-typical  feeding  habit  occur 
also  in  some  genera  of  the  Tytthaspidini  {Tytthaspis, 
Bulaea,  Isora).  The  peculiar  simple  type  of  male  geni- 
talia in  the  above  genera  and  the  common  type  of 
colour  pattern  are  striking.  Due  to  the  position  of 
Tytthaspidini  and  Halyziini  well  inside  the  tribe  Coc- 
cinellini in  some  molecular  analyses  (Magro  et  al.  2 0 1 0) 
and  similarity  of  some  genera  of  tribe  Coccinellini  in 
their  morphology  and  life  history,  the  concept  of  these 
tribes  must  be  widened  (see  Appendix:  List  of  Genera). 
Differentiation  of  several  parallel  lineages  within  the 
numerous  genera  of  the  tribe  Coccinellini  may  be 
expected  to  be  identified  in  the  future. 

1.4.5  Epilachninae 

The  subfamily  Epilachninae  is  characterized  by 
synapomorphic  features  in  the  organization  of  the 
mouthparts  in  both  adults  and  larvae,  adapted  to 
their  phytophagous  habit.  The  mandible  possesses 
multidentate  terebra  but  lacks  a basal  tooth  (mola). 
The  galea  of  the  maxilla  is  large,  round  to  transversely 
oval,  and  the  mentum  converges  anteriorly.  Maxillary 
palp  of  adults  strongly  securiform.  Antennae  are 
inserted  in  a depression  on  inner  side  of  eye.  Eggs  are 
laid  in  clusters  in  upright  position,  similarly  to  Coc- 
cinellinae,  while  they  are  laid  singly  on  their  side  in 
other  subfamilies.  Larvae  are  oval,  armed  with  dense, 
spinose  sent!  but  without  gland  openings.  Head  with 
epicranial  stem  and  frontal  arms  V-shaped. 

The  Epilachninae  include  four  tribes,  i.e.  Epivertini, 
Epilachnini.  Cynegetini  and  Eremochilini.  The  main 


part  of  the  subfamily  is  formed  by  two  tribes  {Epil- 
achnini and  Cynegetini),  both  rich  in  species  although 
the  latter  tribe  is  limited  mostly  to  the  Neotropical  and 
Afrotropical  regions.  The  two  tribes  differ  mainly  in  the 
presence  (in  Cynegetini,  syn.  Madaini)  or  absence  (in 
Epilachnini)  of  the  anterior  fovea  of  the  elytral  epip- 
leura.  They  both  have  apomorphic  positioning  of  the 
antennal  insertions,  which  are  dorsal  and  placed  at  or 
behind  the  level  of  the  anterior  margins  of  the  eyes. 

The  tribe  Epivertini,  represented  by  the  single 
Chinese  species  Epiverta  chelonia,  displays  the  plesio- 
morphic position  of  the  antennal  insertions,  although 
the  Cassidinae-like  shape  of  the  adult  body  is  highly 
derived.  The  Neotropical  tribe  Eremochilini  is 
characterized  by  cylindrical  body  form  and  quite 
hypognathous  head  with  opistognathous  mandibles 
and  without  labrum. 


1 .4.6  Exoplectrinae 

For  a long  time  the  tribe  Exoplectrini  was  considered  a 
true  member  of  the  subfamily  Coccidulinae.  However, 
Gordon  (1994)  grouped  it  with  the  tribe  Oryssomini 
and  established  the  subfamily  Exoplectrinae.  Molecu- 
lar analyses  place  the  tribe  Exoplectrini  either  near  the 
Sticholotidinae  s.  str.  or  near  the  Chilocorinae  s.  sti:, 
but  never  near  any  part  of  Coccidulinae.  This  leads  us 
to  treat  this  taxon  on  the  subfamily  level.  However, 
morphological  characterization  of  the  subfamily  is 
difficult.  The  adults  share  a finely  expanded,  anteriorly 
emarginate  clypeus  with  the  Azyini  (Coccidulinae). 
Although  the  structures  associated  with  the  insertions 
of  various  movable  parts  of  the  body  in  the  Exoplec- 
trinae are  poorly  developed,  they  are  very  striking  in 
the  Azyini.  Apomorphic  states  in  the  Exoplectrini 
opposite  to  Azyini  are  also  evident  in  the  antenna  (with 
large  lobate  scape)  and  wide  apical  segment  of  the 
maxillary  palp.  All  steps  in  the  development  of 
coccinellid  eyes  may  be  seen  within  genera  of  the 
Exoplectrinae.  Some  genera  possess  a compact  and 
asymmetrical  antennal  club.  Abdomen  has  five 
ventrites.  The  Exoplectrinae  tribe  has  a Gondwanan 
origin.  They  are  suspected  to  be  not  only  predators  but 
also  plant  feeders  (Gordon  1985). 

1.4.7  Chilocorinae 

In  the  phylogeny  of  the  three  tribes  until  now 
placed  in  the  subfamily  Chilocorinae,  Sasaji  (1968) 
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proposed  the  sequence  from  primitive  to  advanced 
forms  from  Telsimiini  through  Platynaspidini  to 
Chilocorini.  They  all  show  a complete  fusion  of  the 
clypeus  with  the  eye  canthus,  together  with  distinctly 
ventral  insertions  of  the  antennae.  The  two  former 
tribes  do  not  occur  in  the  New  World.  Chilocorini 
occur  in  the  Old  World,  and  one  homogeneous  line 
of  Chilocorini  genera  has  developed  independently 
in  the  New  World,  the  monophyly  of  which  is 
suggested  by  the  synapomorphic  absence  of  a basal 
marginal  line  on  the  pronotum,  a character  shared  by 
all  the  American  species.  Larvae  of  the  Telsimiini  are 
covered  with  waxy  exudations  like  those  of  the 
Scymnini.  Adults  are  pubescent.  Adult  Chilocorini 
are  often  smooth,  and  the  larvae  possess  very  long 
setose  processes  for  mechanical  defence.  They  are 
mostly  coccidophagous,  and  the  mandibles  have  a 
single  apex. 

The  Platynaspidini  share  with  the  Chilocorinae  s. 
str.  (i.e.  Telsimiini  and  Chilocorini)  the  enlarged  eye 
canthus.  dividing  the  eye  and  covering  the  antennal 
insertion.  Molecular  analysis,  however,  groups  them 
with  the  Scymninae.  Adult  Platynaspidini  are  covered 
by  long  hairs:  the  larvae  are  very  wide,  have  short 
pubescence  and  lack  long  setose  projections.  They  are 
aphidophagous  and  myrmecophilous. 

1.4.8  Ortaliinae 

Two  tribes  (Noviini  and  Ortaliini),  that  combine  some 
characters  of  the  Coccidulinae  and  Scymninae  and 
some  Coccinellinae  and  even  Epilachninae,  have  been 
placed  in  the  separate  subfamily  Ortaliinae  (Kovaf 
1996).  Their  body  is  robust,  oval  to  rounded,  discon- 
tinuous, of  medium  to  large  size.  Pubescence  is  simple 
and  short.  The  eyes  are  large  to  strikingly  enlarged, 
prominent  anteroventrally  at  the  sides,  with  the  eye 
facets  small  to  minute.  The  antennal  insertions  are 
placed  between  the  eyes.  The  apex  of  the  mandible  is 
bifid:  a basal  tooth  is  present.  The  pronotum  is  trapezoi- 
dal, emarginate  anteriorly  with  the  anterior  corners 
widely  rounded  and  the  posterior  corners  not  pointed. 
The  elytral  epipleura  are  not  foveolate  for  reception  of 
legs,  and  rather  broad.  The  colour  pattern,  if  present, 
is  simple,  not  strongly  aposematic,  resembling  that  of 
certain  Epilachninae. 

In  the  tribes  Noviini  and  Ortaliini  there  are  some 
noteworthy  common  trends:  enlarged  eyes,  shortened 
antenna  and  shortened  elytral  epipleuron,  broadened 


genital  plate  and  spermatheca  in  the  female,  along 
with  a certain  peculiarity  in  larval  organization:  the 
lateral  setose  projections  are  nipple-shaped,  and  there 
are  abundant  clavate  setae  at  the  apex  of  the  tibiotar- 
sus.  Larvae  are  covered  by  poor  waxy  secretions. 
The  Noviini  differ  from  the  Ortaliini  in  the  derived 
state  of  the  antenna  (7-8  segments,  enlarged  scape), 
the  vertical  basisternal  lobes  of  the  prosternum,  and 
in  the  externally  ungulate  legs  and  trimerous  tarsi. 
Ortalia  feeds  on  Psylloidea,  larvae  of  some  species  are 
myrmecophagous. 

1.4.9  Coccidulinae 

The  subfamily  Coccidulinae  has  been  considered  to 
have  the  most  primitive  body  organization  of  the 
Coccinellidae  without  the  basal  Microweiseinae.  Six 
tribes  were  placed  in  the  Coccidulinae  by  Chazeau 
et  al.  (1989)  in  their  systematic  survey:  Tetrabrachyni, 
Coccidulini,  Sumniini,  Exoplectrini,  Noviini,  and 
Azyini.  Fuersch  (1990)  added  the  Monocorynini  and 
Singhikaliini  (now  Coccinellinae)  to  the  Coccidulinae. 
Gordon  (1974,  1994)  excluded  the  Oryssomini  from 
the  Cranophorini  and  placed  near  the  Exoplectrini, 
while  Fuersch  (1990)  transferred  the  Oryssomini 
directly  from  the  Sticholotidinae  to  the  Coccinellinae. 
The  tribe  Noviini  has  been  a permanent  member  of 
the  Coccidulinae  in  many  authoritative  works  since 
Sasaji  (1968).  To  make  Coccidulinae  a natural  group, 
some  taxonomic  changes  in  the  position  of  several 
tribes  are  necessary.  A combination  of  morphological 
and  molecular  studies  suggests  the  following  tribes 
as  probably  true  members  of  the  subfamily  Coccid- 
ulinae: Tetrabrachini,  Monocorynini,  Coccidulini, 
Cranophorini,  Poriini  and  Azyini.  All  tribes  are  of 
Gondwanan  origin. 

The  body  organization  of  Coccidulinae  is  rather 
simple  and  contains  a set  of  plesiomorphic  character 
states:  the  antennae  are  long,  10-11  segmented, 
with  the  basal  fiagellomeres  slender  and  the  club  more 
or  less  striking,  always  with  a well-developed  apical 
segment  (distinction  from  Scymninae):  the  pronotum 
is  commonly  quadrate  with  the  anterior  corners 
broadly  rounded  and  the  anterior  margin  slightly 
emarginate,  so  that  in  several  tribes  the  head  is  partly 
covered  by  it:  the  posterior  corners  are  more  or  less 
pointed.  The  subfamily  may  be  characterized  by  a 
slightly  convex,  more  or  less  elongate,  moderately  dis- 
continuous body  shape,  well  developed  and  sometimes 
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double  pubescence  and  elytral  punctation.  Eye  facets 
are  coarse.  Larvae  are  fusiform,  dorsal  and  lateral  sur- 
faces with  diverse  setose  processes,  many  covered  by 
at  least  sparse  waxy  secretions. 

In  the  Cranophorini  the  pronotum  is  corylophid- 
like,  where  the  head  is  completely  hidden  under  the 
anterior  lobe  of  the  pronotum.  Basal  depressions  on 
the  pronotum  are  present  only  in  the  Monocorynini 
and  they  have  also  a large,  quite  compact  antennal 
club  with  some  resemblance  to  that  of  ants.  The  epip- 
leuron  is  usually  broad  and  entire  without  distinct 
foveae.  but  in  the  Azyini  the  epipleuron  is  modified, 
with  the  anterior  fovea  strikingly  margined  on  the 
outer  side  even  if  the  fovea  is  shallow. 

The  hypothesis  that  the  Tetrabrachini  is  a distinct 
tribe  rests  solely  on  their  unusual  adaptations,  such  as 
tetramerous  tarsi  facilitating  soil  dwelling  and  six  scle- 
rites  on  pronotum  of  larvae.  The  characters  of  the 
Azyini  are  derived:  the  structures  associated  with  the 
insertion  of  various  movable  parts  of  the  body  are  very 
striking.  The  clypeus  is  derived,  and  the  antenna  (espe- 
cially the  small  scape)  and  the  apical  segment  of  the 
maxillary  palp  (also  small)  remain  plesiomorphic  in 
the  Azyini. 

Some  genera,  endemic  in  the  Australian  region,  i,e. 
Cryptolaemus,  Bucolus,  Bucolinus  (but  not  Scymiwdes) 
were  considered  to  fall  in  the  Scymnini,  perhaps  due 
their  scymnoid  or  platynaspoid  appearance.  However, 
they  are  not  true  Scymnini  having  a plesiomorphic 
long  antenna  with  club  of  the  Coccidulinae  type  (well- 
developed  terminal  segment).  The  elytral  pubescence 
of  Cryptolaemus  does  not  have  vortices  and  the  size  is 
larger  than  in  most  Scymnini,  However,  larvae  of 
Cryptolaemus  and  Bucolus  are  covered  by  an  extensive 
waxy  secretion  like  Scymnini.  Bucolus  (and  included 
Bucolinus)  has  bilobate  tibiae  like  Azya.  These  genera 
may  be  included  in  the  Azyini.  The  tribe  Poriini  pos- 
sesses fine  faceted  eyes,  reduced  prosternum,  and 
metallic  colouration.  The  nominal  tribe  Coccidulini 
seems  to  be  a likely  candidate  for  further  splitting  into 
several  lineages. 


1.4.10  Scymninae 

Sasaji  (1968)  defined  the  subfamily  Scymninae  as 
composed  of  the  tribes  Scymnini,  Stethorini,  Hyper- 
aspini  (correctly  Hyperaspidini),  Aspidimerini  and 
Ortaliini.  Later,  Sasaji  (1971a,  b)  further  added  the 


Scymnillini  and  Cranophorini  (now  considered  Coccid- 
ulinae). The  tribes  Cryptognathini  and  Selvadiini 
were  established  by  Gordon  (1971,  1985)  as  members 
of  the  Scymninae,  the  separation  of  Brachiacanthini 
(syn.  Brachiacanthadini)  from  Hyperaspidini  has  been 
proposed  by  Duverger  (1989),  and  finally  Gordon 
(1999)  separated  Diomini. 

Scymninae  have  a rather  compact,  minute  to 
small-sized  body.  The  subfamily  is  distinguished  from 
the  Coccidulinae  by  short  antennae  and  a weakly 
securiform  to  parallel-sided  apical  segment  of  the 
maxillary  palps.  The  shape  of  the  antenna  is  very 
important  in  the  study  of  the  phylogeny  of  Coccinelli- 
dae,  but  not  always  strictly  applied  though  it  is  decisive. 
The  reduced  apical  segment  of  the  antennal  club,  often 
combined  with  distal  flagellomeres  being  gradually 
broadened,  provides  a clear  synapomorphy  for  the 
Scymninae,  The  head  has  an  arched  frons,  rather 
large  eyes  with  inner  orbits  usually  parallel  and  facets 
that  are  usually  fine.  The  pronotum  is  apomorphic, 
of  the  trapezoidal  type,  emarginate  anteriorly,  and 
never  conceals  the  head,  with  anterior  angles  that 
are  narrowly  rounded  to  pointed  and  sides  that  fre- 
quently descend  ventrally.  The  larvae  have  simple 
setose  processes  and  are  typically  covered  in  waxy 
exudations. 

The  above  listed  characters  made  it  possible  to 
exclude  the  tribe  Cranophorini  and  genera  Cryp- 
tolaemus  andfincolns  (now  considered  Coccidulinae) 
and  tribe  Ortaliini  (Ortaliinae)  from  the  Scymninae. 

The  narrowing  and  shortening  of  the  elytral  epip- 
leuron and  the  broadening  of  the  mesocoxal 
distance  distinguish  the  subfamily  Scymninae  from 
the  Chilocorinae.  Complete  fusion  of  the  clypeus 
with  the  eye  canthus  together  with  distinctly  ventral 
insertions  of  the  antennae  clearly  distinguished  Chi- 
locorinae from  typical  Scymninae,  but  is  no  longer 
applicable  after  including  Platynaspidini  into  Scymn- 
inae. The  long  and  narrow  eye  canthus  in  front  of  the 
eyes  is  present  in  all  groups  of  Scymninae,  while  the 
derived  shortened  type  occurs  in  some  genera  of 
Scymnini  and  Hyperaspidini. 

Probably  the  most  primitive  tribe  of  Scymninae  is 
the  Stethorini  in  having  somewhat  coarsely  faceted 
eyes,  a primitive  abdomen  (six  ventrites),  plesiomor- 
phic male  and  female  genitalia  and  (apart  from  the 
anteriorly  lobate  prosternum,  partly  concealing  the 
mouthparts)  no  special  structure  for  reception  of 
moveable  parts  of  the  body.  Stethorini  is  separated 
from  other  tribes  of  Scymninae  because  the  clypeus 
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is  not  emarginate  around  the  antennal  bases. 
The  Stethorini  have  a peculiar  feeding  specialization 
(acarophagy),  and  worldwide  distribution. 

Plesiomorphic  states  of  the  prosternal  carina  and 
spermatheca  are  present  in  two  Neotropical  tribes, 
the  Scymnillini  and  Pentiliini.  These  tribes  have  an 
apparently  five-segmented  abdomen  and  an  autapo- 
morphic  development  of  the  prosternum,  which  in 
its  most  apomorphic  state  forms  an  entire  anterior 
lobe  partially  concealing  the  mouthparts.  The  elytral 
epipleuron  is  strongly  foveolate  in  the  Pentiliini  and 
there  is  an  unusual  reduction  of  the  apophysis  of  the 
ninth  sternite  in  the  Scymnillini. 

A group  of  tribes  Aspidimerini,  Brachiacanthini, 
Selvadiini  and  Hyperaspidini  possesses  many  derived 
characters  including  the  particular  states  of  the 
insertion  of  movable  body  parts,  and  the  characters  of 
genitalia  of  both  sexes.  The  penultimate  antennal 
segment  is  strikingly  elongate.  The  exclusively  Oriental 
tribe  Aspidimerini  remains  relatively  primitive  in  the 
degree  of  development  of  the  eyes,  male  genitalia  and 
also  the  spermatheca,  as  well  as  being  completely 
pubescent.  They  have  extremely  short  antenna  and 
maxillary  palpus.  The  Hyperaspidini  have  derived 
states  in  the  above-mentioned  characters,  like  loss 
of  pubescence  and  usually  bare  genitalia.  The  body 
is  not  perfectly  limuloid.  The  larvae  have  a wide 
body.  The  Brachiacanthini  and  Selvadiini  have  a 
combination  of  plesiomorphic  and  apomorphic  states: 
both  are  restricted  to  the  New  World.  The  Platynas- 
pidini  (formerly  Chilocorinae)  may  be  related  to 
these  tribes. 

The  Scymnini  have  rather  large,  finely  faceted,  lat- 
erally not  prominent  pubescent  eyes  with  parallel  inner 
orbits,  the  pronotum  is  truly  trapezoidal  with  very 
narrow  anterior  angles  and  a deeply  emarginate  ante- 
rior margin.  The  epipleuron  is  very  narrow  with  its 
inner  edge  not  reaching  the  epipleural  apex.  The  body 
is  pubescent.  Larvae  are  covered  by  extensive  waxy 
secretions. 


1.5  FUTURE  PERSPECTIVES 

While  coccinellid  subfamilies  are  more  or  less  world- 
wide in  distribution,  many  tribes  are  restricted  to 
particular  biogeographical  regions,  and  this  has 
resulted  in  alternative  classifications  (Vandenberg 
2002).  Some  derived  groups  of  species  are  often  classi- 
fied under  a separate  name,  leaving  the  rest  of  related 


species  as  a paraphyletic  assemblage.  Vandenberg 
(2002)  proposes  these  sets  of  genera  to  be  reunited  or 
paraphyletic  genera  to  be  split  to  achieve  a balanced 
classification. 

Knowledge  of  the  relationships  of  subfamilies 
and  tribes  within  the  family  will  allow  us  better  to 
discriminate  general  patterns  and  specific  cases,  as 
recommended  by  Sloggett  (2005).  It  will  enable  us  to 
name  precisely  some  compared  groups  — e.g.  contrast 
is  often  incorrectly  emphasized  between  aphidopha- 
gous  (in  fact  almost  exclusively  Coccinellini)  and 
coccidophagous  coccinellids  (in  fact  a heterogeneous 
assemblage  from  the  Chilocorinae,  Scymninae  plus 
Coccidulinae  clade). 
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2.1  INTRODUCTION 

Coccinellids  have  been  used  as  genetic  models  since  the 
beginning  of  the  20th  century.  Interest  arose  initially 
because  of  the  genetically  polymorphic  colour  patterns 
possessed  by  a number  of  species,  and  historically  the 
majority  of  genetic  work  has  been  on  coccinellid  colour 
pattern  polymorphism.  However,  studies  of  coccinellid 
genetics  have  by  no  means  been  limited  to  colour 
pattern.  A considerable  number  of  studies  exist  on  coc- 
cinellid cytology  and  on  the  genetics  of  other  traits. 
More  recent  molecular  genetic  work  has  examined  not 
only  the  evolution  of  specific  gene  regions,  but  has 
been  used  to  make  evolutionary  and  ecological  infer- 
ences about  diverse  aspects  of  coccinellid  biology 
including  sexual  and  population  biology  and  phyloge- 
netic relationships.  In  this  chapter  we  begin  by  discuss- 
ing whole  genome  and  cytogenetic  aspects  of  coccinellid 
biology  (Sections  2.2  and  2.3),  before  moving  on  to 
discuss  the  vast  body  of  work  on  coccinellid  colour 
pattern  (2.4),  and  genetics  studies  of  non-colour  pattern 
traits  (2.5).  Finally,  we  consider  the  rapidly  burgeoning 
number  of  molecular  studies  of  coccinellids  and  what 
they  tell  us,  not  only  about  the  coccinellid  genome,  but 
also  more  generally  about  coccinellid  biology  (2.6). 

2.2  GENOME  SIZE 

Genome  size,  measured  as  haploid  nuclear  DNA 
content  or  C-value,  has  been  studied  in  3 1 species  of 
coccinellid,  primarily  within  the  Coccinellinae,  but 
overall  representing  six  subfamilies  and  eight  tribes 
(Gregory  et  al.  2003):  this  makes  the  Coccinellidae  the 
third  best  studied  beetle  family  after  the  Tenebrionidae 
and  Chrysomelidae.  The  C-values  of  coccinellids  vary 
between  0 . 1 9 pg  and  1 . 7 1 pg.  with  a mean  of  0 . 5 3 pg. 
By  comparison  with  the  two  other  beetle  families,  the 
Coccinellidae  appear  to  be  more  variable  in  genome 
size,  although  their  mean  C-value  is  between  that  of 
tenebrionids  and  chrysomelids.  There  appears  to  be 
very  little  intraspecific  variation  in  genome  size. 
Most  C-value  variation  occurs  between  coccinellid  sub- 
families, although  even  congeneric  species  can  exhibit 
up  to  two-fold  variation.  Genome  size  is  not  correlated 
with  body  size,  nor  does  it  appear  to  be  related  to  chro- 
mosome number,  but  larger  genomes  do  appear  to  be 
associated  with  longer  development.  In  comparison 
with  fast-developing  aphidophagous  species,  two 
slower  developing  coccidophagous  species  have  some 


of  the  largest  coccinellid  genomes.  Due  to  the  small 
number  of  species  from  many  coccinellid  subfamilies 
and  ecotypes  included,  most  of  the  conclusions  of  the 
C-value  study  remain  tentative  and  require  further 
verification  (Gregory  et  al.  2003). 

2.3  CHROMOSOMES  AND  CYTOLOGY 

2.3.1  Chromosome  numbers  and  banding 

The  chromosomal  complements  of  something 
under  200  coccinellid  species  are  now  known  (Smith 
& Virkki  1978,  Lyapunova  et  al.  1984,  Rozek  & Hole- 
cova  2002).  The  reported  diploid  number  of  chro- 
mosomes varies  between  12  and  28  (Smith  1960, 
1962a,  Yadav  & Gahlawat  1994).  The  distribution 
of  species'  chromosome  numbers  varies  across  sub- 
families and  tribes  (Fig.  2.1);  the  most  common 
number,  comprising  a diploid  number  of  18  autosomes 
and  a Xyp  sex  chromosome  pair,  is  that  which  is  often 
considered  ancestral  for  the  Coleoptera  (Smith  & Virkki 
1978,  Lyapunova  et  al.  1984). 

Studies  on  chromosome  numbers  have  been  sup- 
plemented by  an  increasing  amount  of  work  on 
chromosome  structure  and  banding.  Differential 
staining  of  chromosomal  regions  gives  banding  pat- 
terns that  allow  different  chromosomes  of  equal  size  to 
be  uniquely  identified,  as  well  as  potentially  identifying 
changes  in  chromosome  structure  such  as  inversions. 
Most  work  has  focused  on  chromosome  C-banding 
patterns,  which  arise  from  intense  staining  of  hetero- 
chromatic  (genetically  inactive)  chromosome  regions. 
In  ladybirds,  as  in  other  beetles,  these  are  mainly  asso- 
ciated with  regions  near  the  centromere  of  a chromo- 
some and  in  the  short  arms  of  chromosomes  (Ennis 
1974,  Drets  et  al.  1983,  Maffei  et  al.  2000,  2004, 
Rozek  & Holecova  2002,  Beauchamp  & Angus  2006). 
A number  of  other  banding  techniques  have  also  been 
investigated  (Ennis  1974,  1975,  Maffei  & Pompolo 
2007).  Homology  of  chromosome  banding  patterns 
has  been  used  to  infer  a monophyletic  origin  for  the 
coccinellids  Chilocorus  orhiis,  Chil.  tricydus  and  Chil. 
hexacydus  (Ennis  1974,  1975,  1976). 

2.3.2  Sex  determination 

The  commonest  form  of  sex  determination  system  in 
coccinellids  is  the  so-called  Xy  parachute  (Xyp) 
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Diploid  no.  chromosomes 

Figure  2.1  Diploid  chromosome  numbers  of  coccinellid 
species  in  the  tribes  Chilocorini,  Coccinellini  and 
Epilachnini.  Female  diploid  chromosome  numbers  are  used. 
From  data  in  Smith  & Virldd  (1978),  amended  to  take 
into  account  current  views  on  the  taxa  included  in  these 
tribes. 


system:  females  are  XX,  while  males  are  Xy.  The  y 
chromosome  is  very  small  (which  is  why  it  is  typically 
written  as  a lower  case  rather  than  an  upper  case  Y) 
and  it  is  paired  with  the  X chromosome  at  metaphase 
I in  a ‘parachute’  configuration,  hence  the  name 
(Stevens  1906,  Smith  1950).  In  some  coccinellid 
species  the  y chromosome  has  been  completely  lost, 
giving  an  XO  system:  females  possess  two  X chromo- 
somes and  males  one.  The  absence  of  a y chromosome 
in  such  species  suggests  that,  more  generally  in  the 
Coccinellidae,  it  is  the  ratio  of  X chromosomes  to 
haploid  sets  of  autosomes  (A)  [2X:2A  = female; 
1X:2A  = male]  that  determines  sex  rather  than  the 
occurrence  of  specific  genes  on  the  y chromosome 
which  code  for  'maleness’  (Majerus  1994):  both 
systems  are  known  from  other  insects  (Sanchez  2008). 


In  other  species  the  X chromosome  has  fused  with  an 
autosome  to  form  a neo-XY  chromosome  system:  this 
is  typical  for  the  Chilocorini,  although  it  also  occurs  in 
other  groups  (Smith  & Virkki  1978). 

Maffei  and  colleagues  have  investigated  the  special 
mechanism  by  which  Xyp  sex  chromosomes  are  associ- 
ated during  mitosis  and  meiosis.  Their  studies  indicate 
that,  depending  on  species,  nucleolar  proteins  are 
either  synthesized  within  or  imported  into  the  sex  biva- 
lent for  this  purpose.  In  the  former  case  fluorescent 
in  situ  hybridization  (FISH)  techniques  showed 
that  ribosomal  DNA  (rDNA)  genes  mapped  to  the 
sex  vesicle  in  Olla  v-nigrum  (Maffei  et  al.  2001a).  In 
the  latter  case,  in  Cydoneda  sanguinea,  rDNA  genes 
mapped  to  autosomes  outside  the  sex  vesicle:  however, 
silver  staining  revealed  that  nucleolar  material,  which 
is  typically  associated  with  rDNA,  was  also  associ- 
ated with  the  sex  chromosomes  (Maffei  et  al.  2001b, 
2004). 


2.3.3  Supernumerary  (B)  chromosomes 

A number  of  coccinellid  groups  contain  species  in  which 
some  individuals  possess  one  or  more  supernumer- 
ary chromosomes,  often  called  B-chromosomes,  in 
addition  to  their  normal  chromosome  complement. 
Populations  containing  such  individuals  are  generally 
polymorphic,  containing  both  individuals  with  and 
without  B-chromosomes  (e.g.  Smith  & Virkki  1978, 
Maffei  et  al.  2000,  Tsurusaki  et  al.  2001).  In  a few 
known  cases,  such  as  in  Chilocorus  stigma  and  Chil. 
rulridus.  all  individuals  bear  at  least  one  B-chromosome 
(Smith  & Virkki  1978).  The  number  of  B-chromosomes 
carried  by  individuals  can  also  vary.  Tsurusaki  et  al. 
(2001)  recorded  between  zero  and  four  in  one  member 
of  the  Henosepiladma  {=EpiIachna)  vigintioctopunctata 
speciescomplex.Thehighestnumberof  B-chromosomes 
recorded  from  a single  individual  is  1 3 from  a male  Chil. 
ruhidiis  (Smith  & Virkki  1978). 

B-chromosomes  are  derived  from  the  other  chromo- 
somes of  the  species  that  possess  them  or,  more  rarely, 
from  the  chromosomes  of  a related  species  through 
hybridization  events  (Jones  & Rees  1982,  Camacho 
et  al.  2000).  In  Henosepiladma  (=  Epiladma)  piistu- 
losa  some  males  possess  a supernumerary  y cbro- 
mosome,  probably  derived  from  y chromosome 
duplication.  During  meiosis,  both  y chromosomes  join 
with  the  X,  producing  a Xyy  parachute,  and  ultimately 
gametes  with  either  an  X chromosome  or  two  y 
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chromosomes  (Tsurusaki  et  al.  1993).  Similar  super- 
numerary y chromosomes  are  also  known  from  Coc- 
dnella  quinquepunctata  (Lyapunova  et  al.  1984).  Some 
of  the  B-chromosomes  of  coccinellids  appear  to  be 
restricted  to  or  to  predominate  in  only  one  sex  and 
might  also  have  originated  from  sex  chromosomes 
(Maffei  et  al.  2000,  Tsurusaki  et  al.  2001).  The  forma- 
tion of  a neo-XY  sex  determination  system  from  the 
fusion  of  an  X chromosome  with  an  autosome  is  also 
likely  to  give  rise  to  B-chromosomes,  arising  both  from 
the  former  y chromosome  and  from  a centric  fragment 
lost  during  the  fusion  (Smith  & Virkki  1978).  More 
generally  B-chromosomes  may  arise  as  a result  of 
chromosomal  fusion  or  from  the  loss  of  geneti- 
cally inert,  heterochromatic  chromosomal  arms 
(Smith  & Virkki  1978).  In  Chil.  stigma,  which  is  poly- 
morphic for  a number  of  chromosomal  fusions  (2.3.4), 
the  mean  number  and  range  of  B-chromosomes 
increases  with  an  increase  in  the  frequency  of  fusions 
across  populations  (Smith  & Virkki  1978),  In  this 
species,  as  throughout  the  Chilocorini,  unfused  chro- 
mosomes have  one  fully  heterochromatic  arm.  Centric 
fusion  occurs  between  the  other  euchromatic  parts 
of  chromosomes,  leaving  the  lost  heterochromatic 
arms  as  supernumerary  chromosomes  (Smith  1959). 
Heterochromatic  arms  can  also  sometimes  be  lost  and 
become  B-chromosomes  without  chromosomal  fusion 
(Smith  & Virldd  1978). 

In  many  cases  after  their  genesis,  supernumerary 
chromosomes  are  lost  in  subsequent  generations. 
Based  on  the  number  of  chromosomal  fusions  observed 
in  Chil.  stigma,  and  thus  the  number  of  related 
B-chromosomes  expected  to  be  present,  only  22%  of 
potential  B-chromosomes  survive  as  such  in  this 
species  (Smith  & Virkki  1978),  In  other  organisms, 
both  positive  and  negative  direct  effects  on  fitness  have 
been  recorded  for  B-chromosomes,  as  well  as  biased 
transmission  rates  to  offspring  that  are  in  excess  of  the 
rates  expected  under  simple  Mendelian  inheritance 
(Jones  & Rees  1982,  Camacho  et  al.  2000):  however, 
no  such  studies  yet  exist  for  coccinellids.  Henderson 
(1988)  found  a negative  correlation  between  male 
B-chromosome  freqnency  and  the  proportion  of 
males  in  populations  of  British  Exochomus  quadripus- 
tulatus.  He  concluded  that  this  correlation  was  a con- 
sequence of  a third  factor  that  affected  both 
B-chromosome  frequency  and  sex  ratio.  This  conclu- 
sion was  based  on  the  observation  that  other  coccinel- 
lids with  a neo-XY  sex  determining  system  like  that  of 


E.  quadripustulatus  showed  similar  sex  ratio  biases 
across  populations  without  possessing  B-chromosomes 
(Henderson  & Albrecht  1988).  It  is  perhaps  worth 
noting  that  the  studies  pre-date  detailed  investigations 
on  bacterial  male-killing  in  coccinellids  (Chapter  8), 
although  none  of  the  species  studied  by  Henderson 
and  Albrecht  have  been  shown  to  possess  male-killers 
(G.D.D.  Hurst,  personal  communication).  It  is  also  now 
clear  that  B-chromosomes  sometimes  directly  affect 
the  sex-ratio  of  the  offspring  of  individuals  carry- 
ing them,  although  unlike  in  E.  quadripustulatus,  gen- 
erally increasing  the  heterogametic  sex  (Beladjal  et  al. 
2002,  Werren  & Stouthamer  2003,  Underwood  et  al. 
2005).  Nonetheless  the  possibility  that  the  correlation 
between  E.  quadripustulatus  B-chromosome  frequency 
and  population  sex  ratio  results  from  a direct  relation- 
ship cannot  be  ruled  out. 


2.3.4  Cytogenetic  changes,  intraspecific 
cytogenetic  variation  and  speciation 

Relatively  little  speciation  in  the  Coccinellidae  appears 
to  be  directly  related  to  cytogenetic  changes.  Most  sub- 
families and  tribes  exhibit  a relatively  limited  variation 
in  chromosome  number  and  structure;  consequently 
the  majority  of  speciation  in  these  groups  is  unlikely  to 
be  linked  to  cytological  differences.  The  most  variable 
group  is  the  Chilocorini  where  diploid  numbers  of 
chromosomes  can  vary  between  14  and  26  (Smith 
1959,  Lyapunova  et  al,  1984;  Fig.  2.1).  Studies  of  this 
group  in  North  America  demonstrate  that  the  relation- 
ship between  cytology  and  reproductive  isolation  is 
complex,  and  that  changes  in  cytology  do  not  neces- 
sarily lead  to  reproductive  isolation  (Smith  1959, 
Smiths  Virkki  1978), 

Chilocorus  stigma  exhibits  up  to  six  intraspecific 
chromosomal  fusion  polymorphisms  in  a genome 
fundamentally  of  diploid  number  26  (Smith  1959, 
1962b,  Smiths  Virkki  19 78),  The  frequency  of  fusions 
increases  westwards  and  northwards,  through  the 
range  of  Chil.  stigma,  which  covers  most  of  North 
America  except  the  extreme  west  (Fig.  2.2).  In  the  east, 
from  Florida  to  New  York  and  Connecticut,  no  indi- 
viduals exhibit  chromosomal  fusions.  However,  moving 
northwestwards,  three  fusions  appear  sequentially  in 
Maine,  eastern  Ontario  and  central  Ontario  (Smith 
1959,  1962b).  Three  further  fusions  have  been  found 
in  more  northerly  parts  of  Ontario  (Smith  & Virkki 
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Figure  2.2  Geographic  distribution  of  chromosome  fusions  in  Chilocorus  stigma.  Circles  show  the  average  percentage  of  the 
maximum  number  of  six  fusions  per  individual  (black).  Thus  the  number  of  fusions  increases  to  the  north  and  west.  From 
data  in  Smith  & Virkki  (1978). 


1978).  The  clear  distributional  pattern  of  fusions  sug- 
gests they  are  adaptive  (Smith  1957,  1959,  1962b), 
although  the  nature  of  this  adaptation  is  unknown. 
During  chromosome  pairing,  individuals  that  are  het- 
erozygotic  for  fusions  form  trivalents,  comprising  one 
fusion  chromosome  paired  with  two  homologous 
unfused  ones.  Fusion  homozygotes  form  ring  bivalents. 
In  one  case  two  fusions  are  semi-homologous  (i.e.  both 
contain  one  shared  predecessor  chromosome,  in  each 
cased  fused  to  a different  second  chromosome):  in  this 
case  heterozygotes  for  these  fusions  form  a chain-of- 
four  configuration.  Meiosis  involving  all  these  configu- 
rations produces  chromosomally  balanced  gametes 
(Smith  1966,  Smith  & Virkki  1978),  making  fusion 


heterozygotes  fully  fertile;  thus  Chil.  stigma  forms  a 
single  species. 

In  western  North  America,  a parallel  situation  exists 
with  respect  to  chromosomal  fusions.  Three  mono- 
phyletic  Chilocorus  species,  known  as  the  cydus 
complex,  exhibit  an  increasing  number  of  chromo- 
somal fusions  moving  northwards.  The  most  southerly 
species,  Chil.  orbus,  has  a diploid  number  of  22  chro- 
mosomes (two  fusions).  The  more  northerly  Chil.  tricy- 
clus  has  20  chromosomes  (three  fusions)  and  Chil. 
hexacyclus  has  14  chromosomes  (six  fusions)  (Smith 
1959).  However,  unlike  the  chromosomal  forms  of 
Chil.  stigma,  the  three  species  exhibit  high  levels  of 
hybrid  sterility  as  in  heterozygote  trivalents  the 
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chromosomes  are  often  orientated  incorrectly  (Smith 
1959,  1966).  Thus  while  some  gene  flow  occurs 
between  species  in  the  restricted  areas  where  they 
overlap,  it  is  limited  (Smith  1966).  It  is  unclear  why 
parallel  processes  of  chromosomal  evolution  have 
given  rise  to  a single  polymorphic  species  in  the  east 
but  a complex  of  three  separate  species  in  the  west, 
although  a number  of  possibilities  have  been  sug- 
gested. Smith  (1959)  indicated  that  Chil.  stigma  might 
represent  an  earlier  stage  than  the  ci/dus-complex  in 
the  evolution  of  new  species  through  cytogenetic 
change.  This  seems  unlikely,  and  two  further,  non- 
exclusive possibilities  were  proposed  by  Smith  (1966). 
The  first  is  that  Chil.  stigma  fusions  are  advantageous 
in  the  heterozygous  form,  maintaining  the  polymor- 
phism in  this  species  in  a balanced  state.  The  second  is 
that  fusions  in  the  western  cgclus  complex  evolved  in 
isolated  marginal  populations  in  which  they  rapidly 
became  homozygous;  cydus  complex  hybrids  therefore 
lost  the  ability  to  form  correctly  orientated  trivalents. 

From  these  two  examples,  particularly  that  of  the 
chromosomally  polymorphic  Chil.  stigma,  we  can  con- 
clude that  complete  reproductive  isolation  rarely 
arises  as  a consequence  of  cytogenetic  changes 
alone.  Nonetheless,  such  changes  can  certainly  play 
a role.  In  a cytogenetic  study  of  the  Henosepiladma 
(=  Epiladma)  vigintioctomaculata  species  complex,  Tsu- 
rusaki  et  al.  (1993)  found  that  the  species  complex  fell 
into  two  groups:  group  A,  comprising  Henosepiladma 
(=  Epiladma)  vigintioctomaculata,  possessed  relatively 
small  heterochromatic  segments  in  their  chromo- 
somes, whereas  group  B,  comprising  H.  pustulosa, 
Henosepiladma  (=  Epiladma)  niponica  and  Henosepil- 
adma (=  Epiladma)  yasutomii  possessed  long  hetero- 
chromatic segments  in  seven  autosomes.  Hybrids 
between  group  A and  B members  exhibited  high  mor- 
tality during  embryogenesis.  Tsurusaki  et  al.  hypothe- 
size that  in  hybrids  replication  of  the  different 
chromosomes  will  occur  at  a highly  heterogeneous 
rate,  because  of  the  widely  differing  amounts  of  hete- 
rochromatin in  the  chromosomes  from  the  two  paren- 
tal species.  Consequently  in  the  early  stages  of 
embryogenesis,  the  rate  of  cell  division,  which  is  prob- 
ably maternally  determined  at  this  stage,  is  poorly  syn- 
chronized with  chromosome  replication,  leading  to 
low  embryonic  survival  (Fig.  2.3).  Tsurusaki  et  al.  thus 
provide  a cytogenetic  basis  for  reproductive  isola- 
tion between  group  A and  B species.  It  is  worth  noting, 
however,  that  even  in  this  example  additional  factors 
appear  to  play  a role,  most  notably  incompatibility 


between  the  female  genital  tract  and  allospecific  sperm 
(Katakura  1986,  Katakura  & Sobu  1986).  More  gener- 
ally, much  work  is  still  needed  on  the  non-cytogenetic 
causes  of  reproductive  isolation  between  closely  related 
species,  which  overall  remain  poorly  understood. 

2.4  COLOUR  PATTERN  VARIATION 

Coccinellid  colouration  has  long  attracted  the  atten- 
tion of  professional  and  amateur  entomologists,  prob- 
ably because  its  high  variation  provided  the  opportunity 
of  ‘taxonomic  description’  of  morphs  to  authors  that 
did  not  come  in  contact  with  new  species.  These  efforts 
peaked  in  the  1930s  with  Mader’s  (1926-37)  cata- 
logue which  named  both  existing  and  theoretically 
possible  morphs  of  Central  European  species. 

A second  and  ultimately  more  important  reason  to 
study  colour  pattern  variability  was  the  insight  it  gave 
into  evolutionary  processes.  Colour  pattern  studies 
first  flourished  at  the  time  of  the  development  of  the 
synthetic  theory  of  evolution.  The  authors  hoped  to 
observe  the  speciation  process  in  action.  ‘If  the  genes 
that  are  unlike  in  two  of  these  low  ranking  groups 
(subspecies  and  species)  can  be  ascertained,  there  is 
some  chance  of  obtaining  a picture  of  the  evolution 
process  which  produced  the  dissimilarity.  This  measure 
is  of  particular  interest  when  it  relates  to  those  char- 
acters which  competent  taxonomists  regard  as  the  spe- 
cific distinctions'  (Shull  1949). 

Conspicuous  colour  pattern  polymorphisms  played 
an  important  part  in  the  debate  surrounding  natural 
selection  and  evolution.  Early  researchers  believed  that 
co-existing  colour  patterns  were  selectively  neutral, 
and  that  their  frequencies  were  consequently  subject 
to  genetic  drift.  Later  studies  showed  that,  in  fact,  they 
were  under  strong  selection,  which  determined  relative 
morph  frequencies.  However,  the  relative  importance 
of  selection  and  drift  in  the  maintenance  of  conspicu- 
ous polymorphisms  remained  hotly  debated  for  a long 
time  (Ford  1964).  In  many  polymorphic  species, 
including  ladybirds,  there  was  consequently  great 
interest  not  only  in  the  genetic  determination  of  alter- 
native forms,  but  (i)  their  temporal  and  spatial  variabil- 
ity, (ii)  their  ecological  significance  and  (iii)  the  ultimate 
selective  factors  underlying  the  polymorphism.  An 
enormous  body  of  work  on  ladybirds  was  accomplished 
in  the  20th  century:  its  results  are  still  significant  for 
current  biology  and  remain  far  from  complete,  even  in 
well-investigated  species  (Majerus  1994). 
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During  early  embryogenesis,  chromosome 
replication  in  hybrid  zygotes  might  not  be 
able  to  keep  up  with  the  pace  of  cell  cycles 
that  is  likely  to  be  determined  by  the  final 
products  of  mRNAs  that  were  provided 
by  their  mothers  in  zygotes.  If  so,  it  could 
lead  to  hybrid  lethality. 


E:  early  replicating  euchromatic  arm 
L:  late  replicating  heterochromatic  arm 


Figure  2.3  A hypothetical  model  of  cytogenetic  incompatibility  between  Henosepiladma  vigintioctomaculata,  with 
chromosomes  with  a small  amount  of  heterochromatin,  and  species  B members  of  the  Henosepiladma  vigintioctomaculata 
species  complex,  with  chromosomes  with  a large  amount  of  heterochromatin  causing  late  replication  (L).  Redrawn  from 
Tsurusaki  et  al.  1993.  with  permission. 


2.4.1  The  nature  of  colour  patterns 

The  elytral  pattern  usually  consists  of  dark  spots  on 
a light  background  (light  or  non-melanic  morphs)  or 
light  spots  on  a dark  background  (dark  or  melanic 
morphs).  The  light  areas  (usually  yellowish,  reddish  to 
brownish)  are  coloured  by  carotenes,  the  dark  areas 
by  melanins  (Cromartie  1959).  The  spots  always 
appear  in  predetermined  positions  and  differ  in 


presence,  size  and  shape  (Zimmermann  1931, 
Timofeeff-Ressovsky  et  al.  1965).  The  best  method  of 
describing  variation  of  spot  presence  in  light'  morphs 
is  probably  that  of  Schilder  (Schilder  & Schilder 
1951/2,  Schilder  1952/3),  illustrated  in  Fig.  2.4. 

Several  studies  have  concerned  morphological 
‘laws’  of  spot  organization  and  the  ontogeny  of  the 
pattern.  In  particular  species,  not  all  possible  combina- 
tions of  spots  are  realized  (Zarapkin  1938b,  Filippov 
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Figure  2.4  A classification  of  variation  in  elytral  spot 
pattern  nsing  the  example  of  Hippodamia  variegata.  The 
beetles  are  classified  according  to  the  cumulative  number  of 
spots  and  fusions.  Each  spot  or  fusion  is  a ‘unit  of  melanic 
surface’  and  their  sum  roughly  characterizes  the  degree  of 
melanization.  The  horizontal  series  are  defined  by  the 
particular  number  of  spots  and  fusions,  for  example,  the 
elytra  shown  in  the  lower  series  (bottom  row)  have  6 spots  + 1 
fusion  (=  7 units  of  melanic  surface),  the  elytron  above  has 
only  6 spots  (=  6 units  of  melanic  surface).  Modified  from 
Schilder  & Schilder  ( 1 9 5 1 /2 ) . 

■* 


1961).  Principles  of  spot  pattern  variation  were  inves- 
tigated by  Smirnov  (1927,  1932).  In  some  species 
there  exist  several  typical  sequences  in  which  particu- 
lar spots  appear  after  adult  eclosion.  This  sequence  of 
melanin  deposition  in  particular  spots  was  studied  in 
Adalia  bipunctata  (Zarapkin  1930,  1938a,  Majerus 
1994).  After  spots  are  pigmented,  the  process  of 
pigment  deposition  may  continue  so  that  the  individu- 
als become  completely  melanic.  This  process  can  occur 
within  a few  days,  as  in  Olla  v-nigrum  (Vandenberg 
1992),  or  over  several  months,  as  in  Anatis  lahiculata 
(Majerus  1994). 

Individuals  can  also  differ  in  scutum  colouration, 
which  is  also  variable  in  pattern  and  degree  of  melani- 
zation. Particular  patterns  are  associated  with  differing 
elytral  patterns,  so  that  light-spotted  morphs  have  a 
light  pronotum  with  dark  marks  of  different  shape 
while  melanized  individuals  have  dark  elytra  and 
pronota  (Lusis  1932,  Majerus  1994,  Blehman  2007, 
2009).  The  colour  pattern  of  the  head  (frons)  may  also 
vary  and  the  colouration  is  frequently  typical  of  the  sex 
(Table  2.1).  Moreover  the  ventral  side,  thorax  and 
abdomen  also  vary  in  the  degree  of  melanization. 


2.4.2  Genetic  determination  of 
colour  patterns 

Among  many  coccinellid  species  polymorphic  for 
colour  patterns,  few  have  been  the  subject  of  detailed 
examination.  Experimental  studies  are  available  for 
1 5 species  which  have  pronounced  but  not  very  com- 
plicated colour  patterns  and  that  are  abundant  and 
easy  to  collect  and  rear  (Table  2.1).  The  studies  were 
mostly  accomplished  in  the  first  half  of  the  20th 
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Table  2.1  Experimental  evidence  of  inheritance  of  and  environmental  effects  of  colour  patterns:  reports  of  crossing 
experiments  and  genotype  x environment  interactions  of  particular  species,  and  their  references. 


Subject  of  the  paper 


Reference 


Adalia  bipunctata 

Melanie  morphs  dominant  over  light  morph 
Multi-spot  light  morphs  dominant  over  a melanic  morph 
Inheritance  of  multi-spot  and  melanic  morphs  in  relation  to  typical  (single 
spotted)  morph 

Inheritance  of  typical  and  dominant  melanic  morphs 

Allelomorphic  series  of  three  morphs,  two  melanic  morphs  dominant  to  typical 
(single  spotted)  morph 

Dominance  in  allelomorphic  series  of  morphs 

Inheritance  and  dominance  of  12  elytral  colour  morphs  and  pronotum  pattern 

Experiments  on  local  differences  in  inheritance  of  colour  morphs 

Morph  tigrina  dominant  over  light  typica  and  recessive  to  melanic  morphs 

Adalia  decempunctata 

Dominance  of  morphs  in  allelomorphic  series 

Inheritance  of  an  allelic  series,  multi-spotted  morph  dominant  to  chequered  and 
melanic  morphs 

Experiments  on  local  variation  in  inheritance  of  colour  morphs 
Inheritance  of  slow  and  fast  (dominant)  deposition  of  carotenoids  and  melanin  on 
elytra 

Aphidecta  obliterata 

Sex  differences  in  head  colouration  on  frons 
Sex  differences  in  elytra!  colour  pattern 
Calvia  sp. 

Allelomorphic  series  and  order  of  dominance  of  three  morphs  (originally 
considered  separate  species) 

Coelophora  inaequalis 
Inheritance  of  colour  morphs 

Eight  allelic  morphs  of  which  non-melanic  is  dominant 

Coelophora  quadrivittata 

Inheritance  of  three  allelomorphs  with  pale  morph  dominant  over  spotted  and 
striped  morphs 

Coccinella  septempunctata 

Low  temperature  during  pre-imaginal  development  increases  spot  size,  in  three 
populations  of  Japan 

Henosepilachna  elaterii  [=Epilachna  chrysomelina) 

Selection  of  strains  with  different  size  of  spots 
Spot  size  is  influenced  by  selection  as  well  as  temperature 
Increasing  development  temperature  decreases  spot  size,  different  reaction  in 
three  geographically  distant  populations 
Inheritance  of  the  size  and  form  of  an  elytral  spot 
Harmonia  axyridis 

Inheritance  of  four  alleles  of  elytral  colour  determination 
Inheritance  of  six  elytral  colour  and  pattern  morphs  and  elytral  ridge 
Inheritance  of  forficula  and  transversifascia  morphs 
Inheritance  of  aulica  and  gutta  morphs 

Establishing  allelomorphic  series  and  order  of  dominance  of  seven  morphs 
Rare  melanic  morph  distincta  described  and  order  of  its  dominance  determined 
Inheritance  of  alleles  of  succinea  morph  with  different  numbers  of  spots 
Inheritance  of  three  alleles  of  axyridis  and  two  alleles  of  aulica  morphs 
Inheritance  of  succinea  and  axyridis  morphs 


Schroeder  1909 
Palmer  191 1 
Palmer  1917 

Hawkes  1920 
Fieri  1928 

Lusis  1928 
Lusis  1932 
Majerus  1994 
Zakharov  1996 

Lusis  1928 
Majerus  1994 

Majerus  1994 
Majerus  1994 


Witter  & Amman  1969 
Eichhorn  & Graf  1971 

Lusis  1971 


Hales  1976;  Houston  1979 
Houston  & Hales  1980 

Chazeau  1980 


Okuda  et  al.  1997 


Tennenbaum  1931 
Zimmermann  1931 
Timofeeff-Ressovsky  1932,  1941 

Tennenbaum  1933 

Tan  & Li  1934 
Hosino  1936 
Hosino  1939 
Hosino  1940a 
Hosino  1940b 
Hosino  1941 
Hosino  1942 
Hosino  1943a 
Hosino  1943b 


(Continued) 
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Table  2.1  (Continued) 

Subject  of  the  paper 

Sixteen  alleles  determining  colour  polymorphism  and  order  of  their  dominance 
Genetic  variation  of  spot  size  in  succinea  morph 
Distinguishing  alleles  of  elytral  colour  pattern  morphs 

Decreasing  developmental  temperature  increases  spot  size  in  succinea  morph 

Inheritance  of  rare  supercilia  and  interduo  morphs 

Sexual  differences  in  labrum  and  prosternum  colour 

Crosses  between  phenotypes  illustrated 

Temperature  influences  melanization  in  succinea  morph 

Hippodamia  sinuata 

Inheritance  of  spotted  and  spotless  (dominant)  morph 

Hippodamia  convergens 

Inheritance  of  spotted  and  spotless  (dominant)  morph 

Hippodamia  quinquesignata 

Inheritance  of  spotted  and  spotless  (dominant)  morph 

Oiia  v-nigrum 

Inheritance  of  spotted  and  melanic  (dominant)  morphs 

Propyiea  japonica 

Inheritance  of  three  elytral  colour  and  pattern  morphs 
Propyiea  quatuordecimpunctata 
Sexual  differences  in  head  (frons)  and  pronotum  colour 
Polygenic  inheritance  of  spot  size 


Reference 

Tan  1946 
Hosino  1948 
Komai  1956 
Sakai  et  al.  1974 
Tan  & Hu  1980 
McCornack  et  al.  2007 
Seo  et  al.  2007 
Michie  et  al.  2010 

Shull  1943 

Shull  1944 

Shull  1945 

Vandenberg  1992 

Miyazawa  & Ito  1921 

Rogers  et  al.  1971 
Majerus  1994 


century  and  have  been  reviewed  by  Komai  (1956). 
Table  2.1  shows  that  fewer  crossing  experiments  have 
been  made  recently,  except  for  the  enormous  but  unfor- 
tunately largely  unpublished  work  of  the  late  Mike 
Majerus  (Majerus  1994).  His  results  indicate  that  the 
study  of  colour  patterns  requires  further  refinement, 
even  in  the  most  intensively  studied  species  like  A. 
bipunctata. 

The  published  data  on  crossing  experiments  led  to 
several  generalizations.  In  most  cases  it  was  demon- 
strated that  the  morphs  are  determined  by  a series 
of  multiple  alleles  localized  at  the  same  locus. 
However,  species  in  which  colour  morphs  are  deter- 
mined by  two  or  more  non-allelic  genes  might  also  exist 
(Komai  1956).  Further  ideas  were  proposed  by  Ford 
(1964)  and  advocated  by  Majerus  (1994),  who  con- 
sider it  more  likely  that  such  a multiple  allele  effect,  as 
has  been  demonstrated  in  coccinellids,  is  caused  by  a 
sufficiently  close  juxtaposition  of  the  loci  of  the  genes 
so  that  crossing-over  is  most  unlikely  to  separate  them. 
Ford  designated  such  a complex  of  loci  as  a ‘super- 
gene’.  Minor  variation  of  spot  size  and  shape  is 


controlled  polygenically,  for  example  in  Henosepil- 
achna  elaterii  (=  Epilacima  chrysomelina)  (Timofeeff- 
Ressovsky  1932,  Timofeeff-Ressovsky  et  al,  1965)  or 
Propyiea  qiiatiiordecimpuiictata  (Majerus  1994).  For 
individual  species,  the  number  of  allelomorphs  per 
locus  roughly  correlates  with  the  amount  of  experi- 
mental work  invested  in  its  analysis.  Thus  the  number 
of  established  alleles  for  elytral  colour  pattern  exceeded 
22  in  Harmonia  axyridis  (Tan  1946,  Komai  1956) 
while  for  A.  bipunctata,  Majerus  (1994)  greatly 
increased  this  number  above  the  12  determined  by 
Lusis  (1928,  1932,  Fig.  2.5).  Patterns  determined  by 
particular  alleles  are  frequently  similar  and  difficult  to 
distinguish.  An  example  is  the  succinea  group  of 
morphs  in  Hai:  axyridis  (light  elytra  with  up  to  nine 
black  spots),  where  morphs  with  particular  numbers 
of  dark  spots  are  determined  by  particular  alleles.  Con- 
sequently some  15  alleles,  each  with  a particular 
expression  of  the  succinea  morph  in  a homozygous 
state,  may  exist  (Tan  1946).  On  the  other  hand,  modi- 
fiers may  vary  the  patterns  determined  by  particular 
alleles.  This  became  evident  in  crossing  A.  bipunctata 
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Figure  2.5  Variability  of  colour  pattern  of  Adalia 
bipunctata.  Homozygous  morphs  (top  four  rows)  are 
determined  by  1 2 alleles  arranged  in  the  order  of 
dominance  starting  from  top  left.  Some  heterozygotes  are 
shown  in  the  bottom  four  rows.  After  Lusis  (1932). 


males  and  females  originating  from  distant  geographic 
populations.  Unexpected  colour  morphs  appeared  in 
the  progeny,  probably  because  the  mixing  of  different 
sets  of  modifiers  resulted  in  the  normal  dominance 
relationship  breaking  down  (Majerus  1994).  Hetero- 
zygous forms  further  increase  intraspecific  variation  in 
colour  morphs,  fn  many  species  and  populations, 
alleles  determining  melanic  morphs  are  dominant  to 
those  determining  light  morphs.  This  led  Tan  (Tan 
1946,  Tan  & Hu  1980)  to  formulate  the  'mosaic  dom- 
inance' hypothesis  which  supposes  that  the  heterozy- 
gote develops  black  pigmentation  on  any  part  of  the 
elytron  which  is  black  in  either  homozygote  (Tan 
1946).  Dominance  of  the  melanic  form  is  not  typical 
for  all  species  of  coccinellids,  however.  This  is  because 
the  order  of  dominance  is  determined  by  genetic  envi- 
ronment of  the  allele  for  colour  morph.  Consequently 
species  and  populations  exist  where  light  morphs  are 
dominant.  Thus  the  allele  determining  the  light  morph 
is  dominant  over  that  for  the  melanic  morph  in  Hippo- 
damia  (Shull  1949)  and  Coelophora  (Houston  1979, 
Chazeau  1980). 


2.4.3  Geographic  variation 

Geographic  variation  in  morph  frequencies  was  first 
systematically  studied  in  A.  bipunctata  and  A.  decem- 
punctata  (Dobzhansky  1924b),  and  then  in  other 
species  including  Anatis  ocellata,  Anisosticta  novemdec- 
impimctata,  Coccinella  magniflca  (=  C.  divaricata),  C.  sep- 
tempimctata,  C.  transversogiittata,  C.  quinquepunctata, 
Coccinula  quatuordecunpustulata,  Hippodamia  {=  Adonia) 
variegata  and  Oenopia  (=  Synharmonia)  conglobata 
(Dobzhansky  1925,  1933,  Dobzhansky  & Sivertzew- 
Dobzhansky  1927).  For  all  species,  geographic 
centres  exist  for  less  heavily  pigmented  popula- 
tions, with  more  distant  areas  inhabited  by  more 
heavily  pigmented  ones.  Moreover,  such  centres  for  the 
different  species  roughly  coincide  in  geographical  loca- 
tion. The  centre  for  light  morphs  lies  in  Central  Asia  for 
the  eastern  hemisphere  and  in  California  for  the 
western  hemisphere.  The  proportion  of  pigmented 
morphs  increases  radially  in  all  directions  from  each 
‘light’  centre. 

Fine-scale  patterns  of  geographic  differentia- 
tion of  proportions  of  colour  morphs  in  local  popula- 
tions have  been  particularly  well  studied  in  two  species. 
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A.  hipunctata  and  Har.  axyridis.  Proportions  of  light 
morphs  (mostly  typica  with  one  black  spot  on  each  of 
the  reddish  elytra)  and  melanic  morphs  (with  one,  two 
or  three  reddish  spots  on  each  black  elytron)  were 
studied  in  local  populations  of  A.  hipunctata.  In 
areas  with  an  oceanic  climate,  the  proportion  of 
melanic  morphs  may  vary  from  0-9  7%  in  the  British 
Isles  (Creed  1966,  1971a,  b),  2-86%  in  the  Nether- 
lands (Brakefleld  1984a,  b,  c),  0-83%  in  Norway 
(Bengtson  & Hagen  1975,  1977),  6-88%  in  central 
Italy  (Scali  & Creed  1975)  and  9-88%  in  some  areas  of 
the  Baltic  sea  coast  near  St.  Petersburg  (Zakharov  & 
Sergievsky  1978,  1980).  Other  populations  generally 
have  low  proportions  of  melanics,  for  example  8-21% 
in  Germany  (Klausnitzer  & Schummer  1983),  0-20% 
in  Bohemia  (Honek  1975),  0-15%  on  the  Baltic  coast 
of  southern  Finland  (Mikkola  & Albrecht  1988)  and 
3%  in  Stockholm  (Zakharov  & Shaikevich  2001).  As 
one  moves  to  Central  Asia,  the  populations  become 
more  polymorphic  than  in  Europe  and  the  proportions 
of  melanic  morphs  in  local  populations  of  Central  Asia 
vary  from  1-96%  (Lusis  1973). 

Several  studies  have  attempted  to  find  a correlation 
between  local  environmental  conditions  and  the 
proportion  of  melanics.  In  Great  Britain,  melanic 
populations  are  concentrated  in  industrial  areas 
(Creed  1966,  1971b)  and  around  sources  of  air  pollu- 
tion in  rural  areas  (Creed  1974).  The  same  applies 
in  the  Baltic  region  (Lusis  1961,  Zakharov  & Ser- 
gievsky 1978,  Mikkola  & Albrecht  1988).  The  propor- 
tion of  melanics  also  varies  with  distance  from  the  sea, 
in  central  Italy  (Scali  & Creed  1975)  and  Norway 
(Bengtson  & Hagen  1977):  it  is  greatest  near  the  sea, 
and  decreases  moving  inland.  However,  contrasting 
trends  were  observed  in  the  Netherlands  (Brakefleld 
1984a,  b,  c).  Local  differences  were  observed  in 
Ukraine,  where  Emetz  (1984)  in  the  course  of  eight 
years  observed  an  increasing  proportion  of  melanics 
(from  0 to  68%)  on  a burned  site,  while  in  the  sur- 
rounding oak  forest  the  proportion  of  melanics 
remained  zero. 

Variation  in  the  proportions  of  particular  colour 
morphs  in  local  Har.  axyridis  populations  have 
been  studied  by  a number  of  authors  (Dobzhansky 
1924a,  1933,  Komai  et  al.  1950,  Komai  & Hosino 
1951,  Komai  1956,  Komai  & Chino  1969,  Vorontsov 
& Blehman  2001,  Korsun  2004,  Blehman  2007).  The 
melanic  morph  axyridis  is  limited  naturally  to  western 
Siberia  where  its  distribution  approximately  coincides 
with  the  Jenisei  river  basin.  Dobzhansky  (1924a)  and 


Vorontsov  and  Blehman  (2001)  supposed  that  this 
morph  occurs  as  a subspecies,  probably  differentiated 
from  other  populations  by  genetic  changes  at  several 
loci.  This  hypothesis  was  supported  by  Blekhman 
(2008),  who  demonstrated  the  near-absence  of  a dom- 
inant elytral  ridge  allele  (see  also  2.5.1)  in  populations 
of  axyridis  morphs  in  western  Siberia,  as  well  as  in 
more  recent  molecular  genetic  analyses  (Blekhman 
et  al.  2010).  In  the  rest  of  the  natural  range  of  Har. 
axyridis  (Pacific  coast  of  Russia,  China,  Korea  and 
Japan)  all  morphs  occur  together,  but  their  proportions 
vary  geographically.  These  populations  consist  of  a 
mixture  of  light  succinea  morphs,  melanic  axyridis, 
spectahilis  and  conspicua  morphs  and  a number  of 
rare  morphs.  In  Japan  there  is  a marked  dine,  with 
decreasing  proportions  of  succinea  and  increasing 
proportions  of  melanics,  as  one  moves  from  the 
north  to  the  south.  The  proportion  of  morphs  is  differ- 
ent in  the  continental  populations  of  eastern  Siberia, 
Korea  and  northern  China  where  the  proportions 
of  melanic  spectahilis  and  conspicua  are  higher  than 
in  Japan. 

Other  species  have  been  less  intensively  studied. 
Studies  of  the  geographic  variation  of  C.  septempunc- 
tata  have  concerned  the  size  of  spots.  The  maximum 
spot  size  occurs  in  ssp.  brucki  living  on  the  Pacific  coasts 
of  Russia,  Korea  and  Japan;  while  the  centre  of  occur- 
rence of  small-spotted  populations  is  in  Central  Asia. 
(Dobzhansky  & Sivertzew-Dobzhansky  1927).  Local 
trends  for  decreasing  spot  size  in  populations  of  warm 
areas  compared  to  those  of  cooler  areas  were  estab- 
lished by  Tolunay  (1939)  in  Turkey.  The  Coccinella 
species  of  North  America  are  more  variable.  Coccinella 
transversoguttata  richardsoni  has  several  morphs  that 
occur  together,  but  whose  frequency  varies  among 
local  populations.  By  contrast,  in  C.  uionticola.  C. 
novemnotata  and  C.  hieroglyphica,  particular  morphs 
dominate  in  a particular  area  (Brown  1962).  Hip. 
variegata  can  have  0-6  spots  on  each  elytron.  Six  forms 
are  found  more  frequently  than  the  other  2 1 minority 
forms.  The  dominant  forms  are  the  same  in  different 
geographic  populations  of  Central  Europe  (Schilder 
1928,  Strouhal  1939,  Balthasarova-Hrubantova 
1950,  Schilder  & Schilder  1951/2),  but  other  spot 
forms  occur  in  different  proportions. 

Variation  in  the  extent  of  melanization  between 
local  populations  of  several  species  living  in  two  rela- 
tively close  localities  in  Central  Asia,  the  warm  Chu- 
iskaya  region  and  the  cooler  and  overcast  areas  around 
Lake  Issyk  Kul,  was  described  by  Kryltzov  (1956). 
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Melanization  was  on  average  greater  in  the  Issyk  Kul 
than  the  Chuiskaya  region.  The  species  exhibit  either 
increases  in  spot  size  (Psyllohora  (=  Thea)  vigintiduop- 
unctata.  Bulaea  lichatschovi,  Coccinula  simmtomarginata, 
C.  septempunctatM,  Coccinula  quatuordecimpustulata)  or 
in  the  number  of  spots  and  confluences  between  them 
(P.  qiiatiiordecimpunctata,  Hippodamia  tredecimpunctata, 
Hip.  variegata).  The  changing  degree  of  melanization 
with  climatic  conditions  is  less  pronounced  in  species 
with  a dark  ground  colour  than  in  species  with  a light 
ground  colour  (Kryltzov  1953). 

Variation  in  the  proportion  of  morphs  on  par- 
ticular host  plant/aphid  systems  represents  a kind 
of  micro-geographic  variation.  While  no  differences 
were  established  for  populations  of  A.  bipunctata  and 
A.  decempunctata  on  more  than  20  host  plants  (Honek 
et  al.  2005),  significant  variation  was  established 
between  populations  of  Har.  axyridis  on  coniferous  and 
broad  leaved  plants  (Komai  & ffosino  1951).  However, 
this  variation  could  well  be  confounded  by  the  presence 
of  a sibling  species,  Hai:  yedoensis,  which  colonizes  only 
conifers  (Sasaji  1980), 

2.4.4  Temporal  variation 

Temporal  variation  in  the  proportion  of  morphs  at  the 
same  locality  includes  seasonal  variation  and  long 
term  changes  over  a span  of  years.  Seasonal  varia- 
tion in  morph  frequency  was  first  recorded  in  A. 
bipunctata  by  Meissner  (1907a,  b)  and  studied  in  detail 
by  Timofeeff-Ressovsky  (1940).  During  the  1930s,  in 
Potsdam  near  Berlin  he  observed  a regular  increase  in 
the  proportion  of  melanic  morphs  over  the  summer 
breeding  period  and  a decrease  in  the  proportion  of 
melanics  during  overwintering.  The  contrasting  proc- 
esses maintained  an  average  proportion  of  melanics  in 
the  population.  However,  several  studies  from  other 
geographic  areas  revealed  no  similar  significant  differ- 
ences in  the  proportion  of  melanics  early  and  late  in 
the  season  (Lusis  1961,  Bengtson  & Hagen  1975, 
Honek  1975,  Zakharov  & Sergievsky  1980,  Klaus- 
nitzer  & Schummer  1983,  Majerus  and  Zakharov 
2000,  Honek  et  al.  2005).  No  seasonal  change  was 
also  found  in  A.  decempunctata  (Honek  et  al.  2005). 
Significant  seasonal  trends  in  the  proportions  of  Har. 
axyridis  colour  morphs  were  the  opposite  of  A.  bipunc- 
tata: an  increase  in  the  light  succinea  morph  through 
the  vegetative  season  and  lower  melanic  mortality  in 
the  winter  was  observed  in  populations  of  northern 


China  and  Japan  (Osawa  & Nishida  1992,  Wang  et  al. 
2009).  In  central  China,  the  frequency  of  the  succinea 
morph  was  48%  in  the  spring,  decreased  to  22%  in  the 
summer  and  increased  to  59%  again  in  the  autumn, 
while  dark  morphs  exhibited  a reciprocal  change  (Tan 
1949).  However,  even  in  Har.  axyridis,  the  temporal 
variation  is  area-specific  and  Kholin  (1990)  found  no 
seasonal  variation  in  populations  of  the  Maritime 
Province  of  Russia. 

In  addition  to  seasonal  fluctuations,  long-term 
changes  also  have  been  observed  in  coccinellids.  A 
decrease  in  the  proportion  of  melanic  A.  bipunctata  was 
observed  in  industrial  areas  of  Birmingham  in  Great 
Britain  from  the  1960s  onwards.  From  an  initial  40- 
50%,  the  proportion  of  melanics  decreased,  between 
1960  and  the  late  1970s,  to  about  10%  and  remained 
at  this  low  level  (Creed  1971a,  Brakefield  & Lees  1987), 
A similar  decrease  may  have  occurred  during  this 
period  at  Potsdam,  where  there  were  about  3 7-59%  of 
melanics  in  the  1930s  (Timofeeff-Ressovsky  1940), 
15%  in  1973  (Creed  1975)  and  only  5%  in  1981 
(Honek  et  al.  2005).  Elsewhere  the  proportion  of  mela- 
nics has  risen  with  increased  industrial  pollution.  A 
large  increase  was  observed  in  Gatchina,  near  St. 
Petersburg,  where  the  proportion  of  melanics  increased 
from  9%  in  the  1930s  to  43%  in  1975  (Zakharov  & 
Sergievsky  1978),  The  proportion  probably  also 
increased  in  central  Italy  (Bologna)  from  41%  in  1926 
(Fiori  1928)  to  56%  in  19  74  (Scali  & Creed  1975).  The 
proportion  of  the  melanic  morph  sublunata  substan- 
tially increased  at  several  localities  in  Central  Asia,  for 
example  in  Tashkent,  from  47%  in  1908  to  96%  in 
1972  (Lusis  1973),  Examples  of  no  change  were 
observed  in  populations  with  low  melanic  frequencies 
(Klausnitzer  & Schummer  1983).  In  Har.  axyridis  only 
slight  long  term  changes  were  observed  in  a population 
in  central  Japan  where  the  frequency  of  succinea  was 
stable  (43%)  between  1912  and  1920  but  decreased  by 
10%  by  the  mid-1940s  (Komai  et  al.  1950).  In  south- 
ern Slovakia,  a population  of  Hip.  variegata  was  sampled 
from  1937  to  2009  (Strouhal  1939,  Balthasarova- 
Hrubantova  1950,  Honek  unpubL):  the  dominant 
morphs  remained  the  same  and  their  frequencies 
varied  little  over  the  entire  70-year  period. 

2.4.5  Significance  and  evolution 

The  main  interest  of  authors  studying  intraspecific 
colour  polymorphism  has  been  to  explain  its 
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significance  and  origin.  Because  the  patterns,  body  size 
and  repellency/ toxicity  of  coccinellid  species  differ  sub- 
stantially, it  is  likely  that  the  explanation  will  not  be 
the  same  for  all.  Majerus  (1994)  suggested  that  the 
significance  of  colour  patterns  would  differ  for  (i) 
‘smaller  species’,  (ii)  the  Chilocorini,  (iii)  host  plant/ 
habitat  generalists  and  (iv)  host  plant/habitat  special- 
ists. For  each  group  of  species,  light  and  melanic 
morphs  have  different  significances  and  particular  pat- 
terns may  serve  as  a ‘warning’  in  poisonous  species 
and  their  mimics;  ‘cryptic  colouration’  could  be 
adapted  to  particular  environments,  to  signal  for  mates 
or  as  a means  of  thermoregulation. 

In  A.  bipunctata  four  explanations  of  differences 
in  local  morph  proportions  were  proposed:  indus- 
trial melanism,  (micro)climatic  selection,  associative 
mating  and  Mullerian  mimicry.  The  first  two  explana- 
tions are  in  fact  complementary  and  well  documented 
in  some  areas  at  least  (Sergievsky  & Zakharov  1981, 
1983,  1989,  Majerus  & Zakharov  2000):  the  latter 
two  represent  distinct  factors  in  the  evolution  of  A. 
bipunctata  polymorphism.  Industrial  melanism  and 
its  evolution  were  best  documented  in  Britain  (Creed 
1966, 1971a)  and  northern  Russia  (Majerus  & Zakha- 
rov 2000,  Zakharov  2003),  where  a positive  relation- 
ship between  smoke  (small  particle)  pollution  of 
the  air  and  the  proportion  of  melanics  observed  exists 
(Creed  1971b,  19  75).  There  was  close  correspondence 
between  the  proportion  of  melanics  and  the  level  of 
smoke  pollution,  but  a less  significant  one  or  none  with 
sulphur  dioxide  pollution  (Lees  et  al.  1973,  Brake- 
field  & Lees  1987).  However,  industrial  melanism  does 
not  exist  in  some  areas,  such  as  Bohemia  and  eastern 
Germany,  where  pollution  was  very  high  in  the  past 
(Honek  1975,  Klausnitzer  & Schummer  1983,  Honek 
et  al.  2005).  This  apparent  discrepancy  may  be 
explained  by  another  factor  in  melanism,  climate. 
There  is  only  a weak  negative  relationship  between  the 
proportion  of  melanics  and  temperature,  but  more 
important  is  a negative  relationship  between  melanic 
proportion  and  duratiou  of  suushiue  (Nefedov 
1959,  Lusis  1961).  A statistically  significant  relation- 
ship was  demonstrated  for  British  populations  where 
the  correlation  was  r = -0.59  (Benham  et  al.  1974): 
after  omitting  sites  for  which  sunshine  hours  were  only 
estimated,  it  rose  to  r = -0 . 7 5 (Muggleton  et  al.  1975). 
Brakefield  (1984a,  b,  c)  also  found  a significant,  nega- 
tive correlation  between  sunshine  hours  and  melanic 
frequency.  However,  the  correlation  between  sunshine 


hours  and  melanism  may  not  apply  on  a very  local 
scale  in  Britain  (Creed  1975),  to  populations  of  warm 
Mediterranean  areas  (Scali  & Creed  1975)  and  to  pop- 
ulations of  Central  Asia  with  up  to  96%  of  melanics 
(Lusis  1973)  where  sunshine  is  perhaps  in  excess.  Cli- 
matic factors  may  explain  the  variation  in  frequency  of 
melanic  morphs  in  areas  where  industrial  pollution 
fails  to  explain  the  situation.  This  applies  to  Norway 
where  a coastal  climate,  i.e.  the  joint  effects  of  tem- 
perature, humidity  and  sunshine,  favours  the  occur- 
rence of  melanics  (Bengtson  & Hagen  1975,  1977). 
The  authors  found  the  best  correlation  (r  = 0.93)  was 
between  percent  melanics  and  an  ‘index  of  ocean- 
ity’,  which  combines  the  effects  of  temperature  and 
rainfall.  In  the  Netherlands,  besides  the  expected 
negative  correlation  between  melanic  proportion 
and  sunshine  hours  (r  = -0.45,  p<0.05),  there  was 
also  a correlation  with  humidity  and  the  index  of  oce- 
anity.  The  latter  correlation  was  very  high  but,  in  con- 
trast to  Norway,  a negative  one  (r  = -0.90)  (Brakefield 
1984a,  b,  c).  This  suggests  caution  in  interpreting 
correlations  between  climatic  data  and  melanic 
proportions. 

For  the  localities  where  seasonal  differences  in  the 
proportion  of  melanic  morphs  of  A.  bipunctata  exist, 
i.e.  Germany  (Timofeeff-Ressovsky  1940,  Timofeeff- 
Ressovsky  & Svirezhev  1966,  1967),  Great  Britain 
(Creed  1966,  1975)  and  the  Netherlands  (Brakefield 
1985a),  the  mechanism  of  change  probably  comprises 
balanced  selection,  favouring  melanics  during  the 
breeding  period  and  non-melanics  during  the  winter. 
One  may  calculate  the  selection  coefficients  s against 
black  morphs  in  winter  and  t against  red  morphs  in 
the  summer  (Creed  1975).  This  value  is  a quantita- 
tive measure  of  the  intensity  of  selection  which  indi- 
cates the  proportional  reduction  of  the  gametic 
contribution  of  a genotype  compared  to  the  favoured 
genotype.  The  average  coefficients  were  s = 0.52  and 
t = 0.33  for  the  Potsdam  population  in  the  1930s,  and 
lower  s = 0.24  and  t = 0.09  for  Birmingham  in  the 
1960s.  The  magnitude  of  s increases  with  the  lowest 
mean  monthly  temperature,  and  the  values  of  t 
increased  with  the  highest  monthly  maximum  tem- 
perature (Creed  1975). 

A mating  advantage  for  melanic  morphs  in  the 
breeding  period  of  spring  and  summer  may  result  from 
their  thermal  properties.  The  elytra  of  red  morphs 
have  a greater  reflectance  than  those  of  the  melanic 
morphs,  and  correspondingly  absorb  less  radiant 
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energy.  As  a consequence,  dark  animals  exposed  to 
sunlight  have  a greater  temperature  excess  over 
ambient  (by  2 . 1 °C)  and  their  initial  rates  of  heating  are 
50%  greater  than  non-melanics  (Brakefield  & Willmer 
1985).  The  magnitude  of  temperature  excess  also 
increases  with  body  size.  The  higher  body  tempera- 
tures of  melanic  individuals  may  increase  activity 
during  the  breeding  period.  Melanic  individuals  then 
copulate  more  readily  than  the  red  ones.  Lusis  (1961) 
counted  the  proportion  of  red  and  dark  copulating 
individuals  on  several  days  when  the  weather  was 
convenient  for  breeding.  The  proportion  of  reds  in 
copula  at  the  time  of  the  census  (23.0  + 6.5%  of  the 
all  red  individuals  recorded  during  the  count)  was  sig- 
nificantly lower  than  the  proportion  of  dark  individu- 
als (31.8  + 7.1%).  The  same  was  true  for  Dutch 
populations,  where  melanics  also  gained  a copulatory 
advantage  (Brakefield  1984c).  Melanic  morphs  also 
dispersed  earlier  to  breeding  sites  in  the  spring,  mated 
earlier  and  emerged  from  pupae  earlier  (Brakefield 
1984b)  which  may  all  be  a consequence  of  their 
thermal  properties.  Colour  morphs  of  Har.  axyridis 
also  differ  in  several  characters  determining  fitness 
including  developmental  rate  at  some  stages,  predation 
activity,  longevity  and  fecundity  (Soares  et  al.  2001, 
2003). 

In  A.  bipimctata  sexual  selection  and  assortative 

mating  (preference  for  the  mate  of  a particular  morph) 
have  also  been  supposed  to  maintain  the  variation  in 
morph  proportions  observed  in  natural  populations 
{O’Donald  & Muggleton  1979).  Some  experiments 
indicated  a female  preference  for  males  of  the 
melanic  morph  quadrimaculata.  This  preference  was 
observed  in  females  regardless  of  their  colour.  It  was 
frequency  dependent  and  its  intensity  increased  as  the 
proportion  of  quadrimaculata  males  decreased  (Majerus 
et  al.  1982).  After  14  generations  of  selection, 
O’Donald  et  al.  (1984)  and  Majerus  et  al.  (1986)  were 
able  to  increase  the  degree  of  this  preference  in  several 
isofemale  lines.  However,  later  studies  revealed  that 
even  the  combined  effect  of  sexual  and  climatic  selec- 
tion cannot  provide  a general  explanation  for  observed 
variation  in  morph  frequency.  In  several  British  popu- 
lations females  had  no  mating  preferences,  or  the 
melanic  advantage  was  not  frequency  dependent 
(Kearns  et  al.  1990).  Moreover,  female  preferences  for 
melanic  males  in  artificially  selected  lines  disappeared 
after  prolonged  maintenance  of  these  strains  in  the 
laboratory,  and  an  attempt  at  selecting  new  isofemale 


lines  with  similar  preferences  failed  (Kearns  et  al. 
1992).  Similar  preferences  in  both  sexes  for  melanic 
mates  were  found  in  C.  septempunctata  (Srivastava  & 
Omkar  2005)  while  the  reverse  was  observed  in  Japa- 
nese Har.  axyridis  where  females  preferentially  choose 
non-melanic  males  in  spring,  but  non-melanics  are  less 
successful  at  mating  than  melanics  in  summer  (Osawa 
& Nishida  1992).  In  this  species,  colour  morph  prefer- 
ence may  be  confounded  by  body  size  since  in  non- 
melanic  males  the  mating  individuals  were  larger  than 
unmated  individuals,  while  in  melanic  males  there  was 
no  difference  (Ueno  et  al.  1998). 

Mullerian  mimicry  has  also  been  proposed  for 
maintaining  colour  polymorphism.  Species  whose 
adults  have  bright  red  or  yellow  colouration  on  the 
upper  surface  are  thought  to  be  aposematically  col- 
oured to  prevent  attacks  by  visual  predators,  mostly 
birds.  The  repellency  is  a consequence  of  previous 
negative  experience  of  the  predator  with  a distasteful 
prey,  which  has  been  demonstrated  a number  of  times 
for  coccinellids  (e.g.  Whitmore  & Pruess  1982)  (also 
Chapter  9).  Several  species  of  similar  colouration 
may  represent  a Mullerian  complex,  with  predators  not 
distinguishing  between  the  individual  component 
species.  The  negative  experience  of  the  first  attack 
on  a member  of  this  complex  becomes  generalized 
and  all  its  members  are  protected  in  the  future.  Brake- 
field  (1985b)  hypothesized  that  polymorphic  and  rela- 
tively non-toxic  A.  bipimctata  and  A.  decempimctata 
were  mimicking  two  Mullerian  models,  the  red  C.  sep- 
tempunctata and  black  Exochomus  quadripustulatus, 
both  of  which  are  highly  distasteful  and  toxic  to  preda- 
tors (Marples  et  al.  1989,  Marples  1993).  More 
recently,  it  has  also  been  suggested  that  intraspecific 
variation  in  colour  pattern  might  be  an  ‘honest  indica- 
tor’ of  chemical  defensive  strength  (Bezzerides  et  al. 
2007). 

2.5  THE  INHERITANCE  OF  OTHER 
TRAITS 

2.5.1  Morphological  characters:  wing 
polymorphism 

In  addition  to  studies  of  colour  pattern,  there  has  been 
a diversity  of  other  genetic  studies  on  other  biological 
characteristics  of  coccinellids.  Studies  of  morphologi- 
cal characters  include  those  of  a transverse  ridge 
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occurring  on  the  hind  part  of  the  elytra  of  Hat:  axyridis, 
which  is  polymorphic  for  this  character.  The  ridge  is 
thought  to  be  encoded  by  a single  dominant  gene 
(Hosino  1936)  and,  although  the  function  of  the 
ridge  is  unknown,  geographic  variation  in  its  occur- 
rence appears  to  be  clinal,  suggesting  it  is  under  selec- 
tion (Komai  1956,  Sasaji  1980,  Blekhman  2008, 
2.4.3).  The  majority  of  morphological  studies  have 
been  on  wing  polymorphism  in  coccinellids,  which 
has  been  intensively  studied  in  other  insect  groups 
(Zera  & Denno  1997).  In  some  species,  such  as 
Suhcoccinella  vigintiquatuorpunctata  and  Rhizobius  spp., 
genetically  controlled  wing  reduction  occurs  com- 
monly in  natural  populations  (Pope  1977,  Hammond 
1985).  A more  recent  focus  of  such  studies  has  been 
A.  bipimctata,  in  which  naturally  occurring  wingless 
individuals  are  very  rare  (Majerus  & Kearns  1989, 
Marples  et  al,  1993).  In  this  species,  winglessness  is 
controlled  by  a single  recessive  allele,  although  the 
extent  of  its  development  is  determined  by  genetic 
background,  modifier  genes  and  environmental  influ- 
ences, notably  temperature  (Marples  et  al,  1993,  Ueno 
et  al,  2004,  Lommen  et  al.  2005,  2009).  Genetically 
controlled  flightlessness  has  also  been  found  in 
Hai:  axyridis:  in  this  case  the  ladybirds  appear  morpho- 
logically normal,  but  structural  modifications  are 
present  in  the  wing  muscles  (Tourniaire  et  al.  2000). 
Flightless  strains  of  Hai:  axyridis  have  been  used  as  a 
means  of  biological  control,  being  largely  unable  to 
disperse  away  from  the  target  crop  (Gil  et  al.  2004, 
Seko  et  al,  2008,  but  see  Seko  & Miura  2009);  a similar 
biological  control  function  has  been  proposed  for 
flightless  A.  bipimctata  (Lommen  et  al,  2008;  see  also 
Chapter  11). 

For  wingless  morphs  of  A.  bipimctata,  the  pattern 
of  wing  development  is  similar  to  that  of  fully 
winged  individuals,  but  is  slower,  making  the  wing 
discs  smaller  at  pupation.  Additionally  the  wings  are 
truncated  at  adulthood,  although  this  does  not  appear 
to  arise  from  apoptosis  (cell  death).  Expression  of  the 
gene  Distal-less  is  limited  to  the  proximal  anterior 
margin  of  the  wing  discs  in  the  larvae  of  wingless  A. 
bipimctata  morphs,  while  in  winged  morphs  it  is 
expressed  all  round  the  wing  disc  margin.  The  expres- 
sion of  this  gene  may  determine  the  extent  of  wingless- 
ness (Lommen  et  al,  2009).  Two  other  genes,  vestigial 
and  scalloped,  have  also  been  shown  to  play  a role  in 
ladybird  wing  development  similar  to  the  roles  they 
play  in  Drosophila  melanogaster.  Interestingly,  scalloped 
also  plays  a role  in  pupal  ecdysis.  It  has  been  suggested 


that  disruption  of  vestigial  and  scalloped  expression 
could  be  used  as  a means  to  produce  wingless  Har 
axyridis  for  biological  control  purposes  (Ohde  et  al. 
2009). 


2.5.2  Life  history  characters:  heritability, 
selection  experiments  and  genetic 
trade-offs 

The  majority  of  life  history  characters,  such  as 
body  size,  developmental  and  reproductive  character- 
istics, and  the  requirement  for  diapause  before  repro- 
duction, exhibit  complex  polygenic  inheritance.  There 
are  two  main  approaches  used  to  study  genetic  varia- 
tion in  such  characters.  Heritability  studies  give  a 
measure  of  the  contribution  of  genetic  variation  to 
total  observed  phenotypic  variation  in  a species.  For 
example,  Ueno  (1994a)  reared  Har.  axyridis  from 
different  male-female  parental  combinations  to  esti- 
mate the  heritabilities  of  body  size  and  developmental 
characters;  because  males  were  mated  to  more  than 
one  female  (although  females  were  singly  mated),  he 
was  able  to  make  these  estimates  separately  for 
the  sexes.  The  estimates  were  moderate,  varying 
between  0.24  and  0.56  of  total  phenotypic  variance 
resulting  from  genetic  variance.  An  alternative 
approach  is  to  apply  directional  selection  to  a par- 
ticular character,  in  order  to  demonstrate  underlying 
genetic  variation  in  the  character.  Thus,  for  example, 
it  proved  possible  to  select  against  the  tendency 
for  an  obligate  diapause  before  oviposition  in  C. 
septempunctata  with  eggs  collected  after  short  pre- 
ovipositional  period,  resulting  in  a general  decline  in 
the  proportion  of  females  requiring  a diapause  before 
reproduction  (Hodek  & Cerkasov  1961).  This  sug- 
gested that  variation  in  the  requirement  for  diapause 
in  this  species  had  an  underlying  genetic  component 
(Chapter  6). 

Linked  to  these  sorts  of  studies  are  estimates  of 
genetic  correlations  and  trade-offs  between  traits. 
Selection  on  one  particular  trait  may  have  correlated 
effects  on  other  traits  (pleiotropy)  if  the  genes  involved 
affect  both  traits.  The  traits  may  be  obviously  related; 
for  example,  in  his  study  of  Har.  axyridis,  Ueno  (1994a) 
found  high  positive  genetic  correlations  between  body 
weight  and  body  length  (i.e.  ladybirds  that  are  longer 
are  also  heavier).  Of  much  greater  interest  are  the  rela- 
tionships between  less  closely  related  traits,  since  these 
give  an  idea  of  how  genetic  constraints  can  mould  the 
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overall  phenotype  of  an  organism.  In  his  study,  Ueno 
(1994a)  found  a possible  negative  correlation  between 
body  size  and  developmental  time  and  a positive  one 
between  body  size  and  developmental  rate:  thus,  a 
longer  developmental  time  and  a slower  developmental 
rate  were  apparently  linked  to  smaller  body  size.  This 
finding  is  in  part  supported  by  a study  in  which  fast 
development  was  selected  for  in  Hippodamia  convergens: 
the  fast  developing  larvae  consumed  more  prey  per 
unit  time  and  exhibited  a higher  feeding  efficiency.  In 
selected  lines  there  was  a negative  correlation  between 
developmental  time  and  body  weight,  even  though 
body  weight  was  apparently  not  affected  by  intense 
selection  (Rodriguez-Saona  & Miller  1995). 

Of  particular  interest  has  been  the  relationship 
between  traits  related  to  the  ability  to  exploit  different 
types  of  food.  Here,  genetic  trade-offs  are  seen  as  pro- 
viding a basis  for  dietary  breadth  and  specializa- 
tion. with  specialists  being  seen  as  having  evolved  very 
high  efficiency  on  one  type  of  food  at  the  expense  of  an 
ability  to  exploit  other  types.  The  general  focus  has 
been  on  the  suitability  of  food  mediated  by  its  allelo- 
chemical  and  nutrient  content.  Interestingly  the 
majority  of  evidence  from  both  phytophagous  and 
aphidophagous  coccinellids  supports  a view  that, 
although  genetic  variation  exists  in  the  ability  to 
process  particular  food  species,  genetic  trade-offs  in 
their  nutritional  suitability  are  either  very  weak  or 
non-existent  in  ladybird  consumers  (Ueno  et  al.  1999, 
2003,  Ueno  2003,  Fukunaga  & Akimoto  2007:  see 
also  Rana  et  al.  2002,  Sloggett  2008). 

2.6  MOLECULAR  GENETIC  STUDIES 

The  first  molecular  genetic  studies  of  the  Coccinellidae 
were  published  in  Japan  in  the  1 9 70s  (Sasaji  & Ohnishi 
1973a,  b,  Sasaji  & Hisano  1977,  Kuboki  1978); 
however,  it  is  only  in  the  last  20  years  that  molecular 
techniques  for  studying  the  Coccinellidae  have  come 
into  regular  use,  mirroring  the  wider  availability  and 
lower  cost  of  a diversity  of  methodological  approaches. 
With  the  exception  of  the  work  discussed  earlier  on 
chromosomes  (2.3.2)  and  wing  development  (2.5.1), 
there  is  little  work  providing  insight  into  the  bio- 
chemical, regulatory  and  developmental  pathways 
connecting  specific  genes  to  particular  phenotypic 
characteristics  of  coccinellids.  However,  coccinellids 
have  been  used  as  models  for  the  evolution  of  spe- 
cific genomic  regions  and  molecular  markers 


have  played  a significant  role  in  ecological  and  evolu- 
tionary studies  of  coccinellid  biology. 

A useful  feature  of  coccinellids  is  that  they  can  be 
non-destructively  sampled  for  molecular  genetic 
studies.  Both  the  adults  and  larvae  of  coccinellids 
exude  alkaloid-bearing  haemolymph  as  a chemical 
defence,  a process  known  as  reflex  bleeding  (Happ  & 
Eisner  1961,  Kendall  1971:  Chapters  8 and  9).  The 
reflex  blood  contains  enough  protein  for  isozyme  or 
allozyme  analysis  (Kuboki  1978,  Ransford  1997)  and 
it  is  also  possible  to  amplify  DNA  from  reflex  blood 
using  the  polymerase  chain  reaction  (PCR)  (Karysti- 
nou  et  al.  2004).  It  is  therefore  not  necessary  to  kill  or 
damage  live  coccinellids  in  order  to  obtain  samples  for 
genetic  analysis.  This  is  a particularly  valuable  attribute 
for  behavioural  studies.  For  example,  in  a study  of 
mating  behaviour,  sperm  competition  and  paternity, 
Ransford  (1997)  was  able  to  genotype  adult  A.  hipunc- 
tata  using  allozymes  from  reflex  blood  extracts.  This  left 
the  beetles  alive  for  subsequent  breeding  and  use  in 
mating  experiments. 

2.6.1  Sequence  evolution 

2 . 6 . 1 . 1 Mitochondrial  DNA  and  the  inference 
of  evolutionary  history 

Many  studies  of  evolutionary  history  utilize  mito- 
chondrial DNA  (mtDNA)  as  a molecular  marker, 
because  of  its  ease  of  PCR  amplification,  rarity  of 
recombination  and  uniparental  cytoplasmic  inherit- 
ance (i.e.  only  through  the  female  line).  These  factors 
have  made  mtDNA  attractive  when  compared  to 
nuclear  molecular  markers  for  phylogenetics  and 
studies  of  genetic  structure  and  phylogeography  (Har- 
rison 1989,  Simon  et  al.  2006).  Additionally  more 
recently  mtDNA  has  been  proposed  as  a universal 
means  for  identifying  species  using  a specific  charac- 
teristic 'barcode'  DNA  sequence  (Hebert  et  al.  2003, 
Hajibabaei  et  al.  2007).  The  universal  utility  of  mtDNA 
has  been  questioned  on  a number  of  grounds,  however 
(Ballard  & Whitlock  2004,  Hurst  & Jiggins  2005).  One 
objection  has  been  that  mtDNA  is  often  not  selec- 
tively neutral,  as  should  be  the  case  for  molecular 
markers,  because  it  is  effectively  linked  to  endosym- 
biotic  bacteria  such  as  male-killers,  which  are  also 
inherited  cytoplasmically  and  are  likely  to  be  under 
strong  selection.  In  consequence  interpretations  of 
population  structure  or  evolutionary  history  based  on 
mtDNA  are  confounded  by  selection  (Turelli  et  al. 
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Figure  2.6  Phylogeny  of  Adalia  hipunctata  mtDNA  sequences  and  the  number  and  male-killing  infection  status  of  individuals 
bearing  that  mitotype.  In  the  phylogeny  CS,  ADI  and  AD2  are  the  mitotypes  from  one  specimen  of  Coccinella  septempimctata 
and  two  of  Ailalia  decempunctatn:  all  other  terminal  branches  are  A.  hipunctata  mitotypes.  Scale  bar  = 0.1  substitutions  per 
nucleotide  for  tree  branch  lengths.  Redrawn  from  Schulenburg  et  al.  (2002),  with  permission. 


1992,  Johnstone  & Hurst  1996,  Hurst  & Jiggins  2005). 
The  wide  prevalence  of  male-killing  bacteria  in  aphido- 
phagous  coccinellids  (Chapter  8)  has  made  them  par- 
ticularly suitable  for  studying  this  issue.  Male-killing 
symbionts  clearly  affect  host  fitness,  increasing  female 
fitness  at  the  cost  of  the  dead  males  (Chapter  8),  The 
consequent  increase  in  infected  daughters  in  a popula- 
tion will  lead  to  a related  increase  in  the  mtDNA  variant 
associated  with  the  male-killer;  furthermore  because 
male-killers  are  rarely  transmitted  perfectly  between 
generations,  so  that  a proportion  of  uninfected  indi- 
viduals is  produced,  the  mtDNA  variant  will  also  reach 
significant  levels  in  uninfected  individuals  (Johnstone 
& Hurst  1996). 

Schulenburg  et  al.  (2002)  investigated  mtDNA 
diversity  and  sequence  divergence  in  relation  to 
male-killing  in  A.  hipunctata.  This  coccinellid  was 
known  to  harbour  four  different  male-killers  through- 
out its  range:  a Rickettsia,  a Spiwplasma  and  two  strains 
of  Wolbachia.  Schulenburg  et  al.  sequenced  two  varia- 
ble mtDNA  regions  (parts  of  the  cytochrome  oxidase 
subunit  I (COf)  and  NADH  dehydrogenase  5 (ND5) 


genes)  from  52  infected  and  uninfected  ladybirds  from 
nine  populations  extending  from  Britain  to  Russia. 
They  then  compared  the  distributions  of  different 
mitochondrial  variants  to  the  distributions  of  the 
male-killers  across  individuals  and  populations. 
Of  a total  of  10  mitotypes  found  associated  with 
male-killing  bacteria,  nine  were  found  to  occur  with 
only  one  bacterial  type  (Fig,  2.6).  There  was  no 
significant  differentiation  of  mitotypes  from  different 
geographic  regions.  Instead,  mitotypes  were  differ- 
entiated according  to  bacterial  infection,  particu- 
larly between  ladybirds  with  different  such  infections: 
differentiation  between  uninfected  ladybirds  and  those 
with  Spiroplasma  and  Wolbachia  infections  was  much 
lower.  A higher  degree  of  mitotype  differentiation 
among  Rickcttsin-infected  individuals  supported  the 
idea  that  this  bacterium  had  been  present  in  A.  hipunc- 
tata for  longer  than  the  others,  allowing  for  greater 
subsequent  mitochondrial  sequence  divergence. 

Schulenburg  et  al.’s  findings  very  clearly  support 
the  view  that  the  distribution  of  DNA  mitotypes  is 
strongly  correlated  with  the  occurrence  of  the  different 
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male-killing  symbionts:  mtDNA  variants  and  cytoplas- 
mic male-killers  are  inherited  together  as  a single  unit 
and  selection  on  one  will  result  in  a ‘hitch-hiking’ 
effect  on  the  other.  Building  on  this  earlier  study, 
Jiggins  & Tinsley  (2005)  addressed  the  question  of 
selection  on  mitochondrial  and  nuclear  DNA. 
Concentrating  exclusively  on  Rickettsia-bearing  A. 
bipunctata,  they  showed  that  three  different  strains  of 
the  bacterium  were  associated  with  three  different 
mtDNA  variants.  The  occurrence  of  the  three  haplo- 
types  varied  geographically  and,  more  equivocally, 
temporally.  Tests  on  the  haplotype  frequency  and  gene- 
alogy of  the  mtDNA  variants  indicated  that  mtDNA 
was  under  balancing  selection  (i.e.  selection 
maintaining  stable  frequencies  of  the  mitotypes). 
Jiggins  & Tinsley  compared  nuclear  and  mitochondrial 
genes  by  sequencing  a nuclear  gene  (the  glucose-6- 
phosphate  dehydrogenase  gene  (g6pd))  in  individuals 
from  many  of  the  same  populations  as  those  studied  by 
Schulenburg  et  al.  (2002)  and  comparing  their  data  to 
Schulenburg  et  al.’s  mtDNA  data.  In  contrast  to  the 
mtDNA  data,  the  nuclear  g6pd  data  was  consistent 
with  neutral  evolution.  Furthermore,  the  gene 
diversity  of  mtDNA  was  much  higher  than  that 
expected  under  neutrality  when  compared  to  g6pd. 
Jiggins  & Tinsley  also  found  strong  differences  in  hap- 
lotype frequencies  in  infected  and  uninfected  beetles: 
they  were  therefore  able  to  conclude  that  selection  was 
acting  on  the  mtDNA  through  the  male-killer  rather 
than  directly  on  the  mtDNA;  the  latter  would  be  more 
likely  to  result  in  similar  haplotype  frequencies  in 
infected  and  uninfected  beetles. 

It  is  clear  that  in  aphidophagous  coccinellids  the 
presence  of  cytoplasmically  inherited  male-killing 
symbionts  and  their  linkage  to  mtDNA  means  that  the 
assumptions  of  mtDNA  selective  neutrality  required 
are  violated.  Hurst  & Jiggins  (2005)  discuss  the  impli- 
cations of  this  for  studies  using  mtDNA.  First,  the 
mtDNA  diversity  will  be  affected  through  selec- 
tion on  the  symbiont,  confounding  the  use  of 
mtDNA  diversity  in  phylogeographic  studies  of  popula- 
tion history  and  demography.  Second,  selection  main- 
taining different  symbionts  in  different  populations, 
and  the  mitotypes  associated  with  them,  may  lead  to 
increased  estimates  of  population  differentia- 
tion, even  if  migration  occurs  between  populations. 
Third,  in  the  case  of  very  closely  related  species, 
hybridization  can  lead  to  transfer  of  endosymbionts 
and  associated  mitotypes  from  one  species  to  another; 


if  positive  selection  occurs  for  the  symbiont  in  the  new 
species,  this  can  lead  to  homogenization  of  the 
mtDNA  of  the  two  species.  This  will  make  them 
indistinguishable  in  phylogenies,  attempts  to  delimit 
species  boundaries  or  when  using  mtDNA-based  bar- 
coding techniques.  It  is  worth  noting  that  none  of 
these  problems  are  limited  to  coccinellids;  Hurst  & 
Jiggins  point  out  that  symbiotic  or  parasitic  inherited 
endosymbionts  are  very  common  in  arthropods, 
meaning  problems  in  the  use  of  mtDNA  markers  may 
be  extremely  widespread. 

Until  now.  much  of  the  work  using  mtDNA  in  coc- 
cinellids has  been  phylogenetic  (2. 6. 2. 2).  Most  of  the 
species  in  these  phylogenies  are  too  distantly  related  for 
there  to  be  serious  problems  in  the  construction  of  a 
phylogeny.  In  most  loiown  cases,  even  sibling  coccinel- 
lid  species  do  not  produce  viable,  fertile  offspring  (e.g. 
Zaslavskii  1963,  Sasaji  1980,  Ireland  et  al.  1986, 
Kobayashi  et  al.  2000,  but  see  Sasaji  et  al.  1975); 
consequently  cases  of  mtDNA  introgression  are 
likely  to  be  very  rare.  Nonetheless,  a lack  of  mtDNA 
neutrality  could  compromise  calculations  of  times 
since  species  diverged  based  on  the  assumption  of  a 
neutral  molecular  clock  (e.g.  Palenko  et  al.  2004).  The 
implications  for  population  genetic  and  phylogeo- 
graphic research  of  using  mtDNA  as  a marker  are 
more  serious.  However,  allozymes  or,  more  recently, 
microsatellites  have  generally  been  preferred  to 
mtDNA  for  such  purposes  in  studies  of  the  Coccinelli- 
dae  (see  2. 6.2.3),  and  although  mtDNA  has  been  used 
in  some  studies  (e.g.  Blekhman  et  al.  2010),  this  is 
often  in  concert  with  additional  nuclear  molecular 
genetic  data  (e.g.  Marin  et  al.  2010,  C.E.  Thomas  et  al. 
2010).  As  our  knowledge  of  the  coccinellid  genome 
increases,  the  potential  of  nuclear  markers  for  popula- 
tion and  evolutionary  studies  is  becoming  better  char- 
acterized. For  example,  Jiggins  & Tinsley’s  work 
suggests  that  the  g6pd  sequence  is  a suitable  marker  for 
population  or  phylogeographic  studies;  an  increasing 
number  of  nuclear  genomic  regions  have  now  also 
been  characterized  in  molecular  phylogenetic  studies 
(2. 6. 2. 2). 

2. 6. 1.2  The  ITSl  region 

The  first  ribosomal  internal  transcribed  spacer 
(ITSl)  region  is  a non-coding  region  between  the  18S 
and  5.8S  ribosomal  RNA  genes.  It  is  relatively  fast- 
evolving  due  to  its  non-coding  nature,  and  is  easily 


32  J.  J.  Sloggett  and  A.  Honek 


Size 


Coccinellini 


Coccinellinae 


1512 

-1515 


Psylloborini 


Chilocorini 


- Adalia  bipunctata 
— Adalia  decempunctata  1401 

- Coccinella  septempunctata  911 

- Harmonia  axyridis  1188 

- Psyllobora  vigintiduopunctata  992 

- Exochomus  quadripustulatus  2572 


Coccinellidae 

Chilocorinae 


Platynaspidini 


Scymninae:  Scymnini 


Scymnus  suturalis 


Coccidulinae:  Coccidulini 


- Coccidula  rufa 


Chrysomelidae 


- Diabrotica  virgifera 


— Chilocorus  renipustulatus  1100 


Platynaspis  luteorubra  1042 


1124 


791 


420 


TJ 


I I 


:nzi 


mm  I 


Shading  patterns 
Conserved  regions 
p ‘Simpie’  repetition 

\ Different  long' 

( repetitive  elements 


Figure  2.7  Summary  of  ITSl  sequence  data  from  the  Coccinellidae.  From  left  to  right,  phylogenetic  tree  of  ITSl  sequences, 
ITSl  sequence  size  in  bp,  and  the  structure  of  the  ITSl  region.  Redrawn  from  Schulenburg  et  al.  (2001),  with  permission. 


amplified  from  diverse  taxa  by  PCR,  due  to  the  con- 
served gene  regions  lying  on  either  of  it,  and  the  high 
copy  number  of  rDNA  arrays  within  the  genome  (Hillis 
& Dixon  1991).  These  characteristics  have  made  it  of 
value  in  phylogenetic  and  population  studies  of  a diver- 
sity of  taxa  including  insects  (e.g.  Schloetterer  et  al. 
1994,  Roehrdanz  et  al.  2003,  Kawamura  et  al.  2007). 
The  high  number  of  copies  of  rDNA  scattered  across 
the  nuclear  genome  of  organisms  means  that  hetero- 
plasmy  can  occur  (i.e.  different  rDNA  copies  have  dif- 
ferent sequences,  e.g.  Vogler  & DeSalle  1994,  Harris  & 
Crandall  2000).  Nonetheless,  many  taxa  are  believed 
to  exhibit  a high  degree  of  rDNA  copy  homogeneity,  as 
a result  of  concerted  evolution  across  rDNA  repeats 
(Hillis  & Dixon  1991). 

The  ITSl  region  has  been  particularly  well  studied 
in  the  Coccinellidae,  by  Schulenburg  et  al.  (2001):  they 


sequenced  the  ITSl  regions  of  10  coccinellid  species  in 
the  subfamilies  Coccinellinae,  Chilocorinae,  Scymni- 
nae and  Coccidulinae.  Both  the  ITSl  size  and  inter- 
specific size  variation  were  extremely  large,  with 
sizes  ranging  between  791  and  2572  base  pairs  (bp) 
(Fig.  2.7),  compared  to  values  of  less  than  550  bp  for 
other  polyphagous  beetles.  Even  within  tribes  size  vari- 
ation remained  high,  being  over  1.6-fold  in  the  Coc- 
cinellini and  2. 3 -fold  in  the  Chilocorini.  The  ITSl 
seqnences  of  different  species  were  strongly 
divergent,  and  clearly  homologous  sequences  could 
only  be  identified  across  all  species  at  three  very  small 
regions  of  about  20  bp  or  less.  Homology  was  higher 
within  the  subfamily  Coccinellinae,  comprising  six 
regions  of  in  total  about  550bp:  it  was  possible  to  use 
these  regions  for  phylogenetic  reconstruction  within 
the  Coccinellinae.  Adalia  bipunctata  specimens  from 
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Britain,  Germany  and  Russia  exhibited  minimal  inter- 
individual ITSl  variation,  this  being  limited  to  three 
nucleotide  changes  and  two  copy  number  differences 
in  simple  repetitive  elements  of  two  or  three  nucle- 
otides. There  was  no  indication  of  ITSl  heteroplasmy 
(within-individual  variation  between  different  ITSl 
copies)  in  any  of  the  coccinellid  species  studied. 

Six  coccinellid  species  exhibited  large  units,  of 
26-212  bp,  that  were  repeated  more  than  once 
within  their  ITSl  sequences  (Fig.  2.7).  Within  the  Coc- 
cinellinae,  there  was  a high  degree  of  sequence  similar- 
ity in  a given  type  of  repeated  element  both  intra-  and 
interspecifically.  This  was  not  invariably  the  case  for 
all  repeated  elements,  however:  sequence  divergence 
varied  both  intraspecilically  and,  when  elements  were 
homologous,  interspecifically.  Schulenburg  et  al. 
(2001)  argue  that  these  long  repetitive  elements  have 
played  a significant  role  in  the  evolution  of  the  large 
size  of  the  coccinellid  ITSl  region  and  the  interspecific 
size  variation  exhibited  by  coccinellids.  The  repetition 
observed  indicates  that  the  evolution  of  new  repeats  is 
a common  occurrence  in  the  coccinellid  ITSl  region, 
while  a high  level  of  sequence  divergence  in  homolo- 
gous repetitive  elements  means  that  many  older  rep- 
etitions may  not  be  detected  due  to  the  effects  of 
high  nucleotide  substitution  rates.  Schulenburg  et  al. 
suggest  that  the  observed  interspecific  size  variability 
in  the  ITSl  region  potentially  makes  it  an  ideal  molecu- 
lar marker  for  coccinellid  species  in  ecological  studies 
(see  also  2. 6. 2.1). 

2.6.2  Molecular  studies  of 
coccinellid  biology 

Molecular  studies  now  play  a considerable  role  in 
studies  of  coccinellid  ecology  and  evolutionary  biology, 
and  have  already  provided  significant  insights  into  the 
evolutionary  history  of  members  of  the  Coccinellidae, 
their  population  structure  and  behaviour.  The  areas 
where  molecular  studies  have  been  or  are  likely  to  be 
of  greatest  value  can  be  broadly  divided  into  four  areas: 
(i)  molecular  identification  of  species,  populations  or 
strains:  (ii)  phylogenetic  studies;  (iii)  studies  of  popula- 
tion genetics  and  phylogeography,  and  (iv)  studies  of 
paternity  and  sperm  competition.  Clearly  there  is  some 
overlap  between  these  areas:  for  example,  sequence 
data  from  studies  aimed  at  providing  molecular  identi- 
fication of  coccinellid  species  may  often  be  suitable  for 
use  in  phylogenetic  work  (cf.  Hajibabaei  et  al.  2007).  A 


number  of  different  methodological  approaches  have 
been  used,  which  are  summarized  in  Table  2.2, 
although  this  is  not  an  exhaustive  list  of  the  potential 
techniques  available.  The  reader  is  referred  to  text- 
books by  Avise  (2004),  Beebee  and  Rowe  (2008)  and 
Freeland  et  al.  (2011)  for  further  background  on  the 
use  of  molecular  genetic  techniques  in  ecological  and 
evolutionary  studies. 

2.6.2. 1 Species,  population  and  strain 
identification 

Markers  specific  to  species,  populations  or  strains 
possess  great  potential  in  ecological  work.  Species- 
specific  markers  could  be  used  to  identify  problematic 
life-history  stages  such  as  eggs  or  first  instar  larvae, 
which  may  otherwise  require  further  rearing  for 
unambiguous  identification  (Schulenburg  et  al. 
2001).  They  are  also  likely  to  be  of  particular  value  in 
gut  content  analysis  of  potential  predators  of  lady- 
birds, to  identify  ladybird  prey  consumed  in  the  field:  in 
particular  field  studies  of  intraguild  predation  may 
benefit  from  this  approach  (Gagnon  et  al.  2005,  Weber 
& Lundgren  2009;  Chapter  10).  Population-  or  strain- 
specific  markers  could  potentially  have  utility  in  the 
monitoring  of  the  fate  of  released  strains  in  an  area 
where  a natural  population  of  the  same  species  is 
already  present,  in  competition  experiments  between 
strains  or  in  the  monitoring  of  multiple  laboratory 
colonies  with  different  origins  for  cross-contamination 
(Roehrdanz  1992,  Roehrdanz  & Flanders  1993). 
Although  as  yet  there  has  been  relatively  little  work 
published  using  genetic  markers  any  of  these  ways, 
a number  of  studies  have  focused  on  the  methodologi- 
cal approaches  that  would  be  most  appropriate  for 
such  work. 

Early  work  showed  that  both  the  Restriction  Frag- 
ment Length  Polymorphism  (RFLP)  and  Random 
Amplification  of  Polymorphic  DNA  (RAPD) 

methods  could  be  used  to  generate  species-specific  elec- 
trophoretic banding  or  fragmentation  patterns  (Roe- 
hrdanz 1992,  Roehrdanz  & Flanders  1993).  RFLP 
analysis  was  carried  out  on  a PCR-amplitied  1200- 
1300  base  pair  mitochondrial  region  spanning  parts 
of  the  12S  and  1 6S  rDNA  genes  and  the  region  between 
them.  Using  this  method  it  was  possible  to  distinguish 
C.  septempunctata,  C.  transversoguttata,  Hip.  variegata 
and  P.  quatuordecimpimctata  (Roehrdanz  1992).  The 
proportion  of  shared  restriction  fragments  varied  from 
97%  between  the  congeneric  C.  septempunctata  and 
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Table  2.2  Coccinellid  studies  using  molecular  genetic  markers.  Studies  marked  with  an  asterisk  were  preliminary  studies 
that  demonstrated  that  a particular  methodological  approach  was  suitable  for  a given  use  in  coccinellid  studies;  however  the 
method  was  not  further  utilized  in  such  work. 


Methodological  Uses  in  coccineilid 

approach  Description  studies  References 


Isozyme/ 

allozyme 

analysis 


Restriction 

Fragment 

Length 

Polymorphism 

(RFLP) 

analysis 


Amplified 

Fragment 

Length 

Polymorphism 

(AFLP) 

analysis 


Variants  of  the  same  enzyme  are 
separated  by  gel  electrophoresis;  they 
are  visualized  by  adding  the  specific 
substrate  with  which  the  enzyme 
reacts  and  a stain  specific  to  the 
product  produced  when  the  enzyme 
and  substrate  are  present  together. 
Allozymes  are  enzyme  variants  that  are 
the  product  of  a single  genetic  locus; 
isozymes  are  enzymes  that  that 
perform  the  same  reaction,  but  occur 
at  multiple  loci. 


Phylogenetics  and 
phylogeography  (species 
delimitation) 

Analysis  of  population 
genetic  structure 


Paternity  analysis 


Sasaji  & Ohnishi  1973b; 
Kuboki  1978;  Sasaji  & 
Nishide  1994 

Eggington  1986;  Krafsur 
et  al.  1992,  1995, 
1996a,  1996b,  1997, 
2005;  Steiner  & 
Grasela  1993;  Coll 
et  al.  1994;  Krafsur  & 
Obrycki  1996; 

Obrycki  et  al.  2001 

Ransford  1997 


Detects  genomic  variation  by  cutting  up 
the  genome  using  restriction  enzymes 
and  using  electrophoresis  to  examine 
the  size  of  the  resulting  fragments. 
Polymorphisms  at  restriction  enzyme 
cutting  sites,  as  well  as  DNA  sequence 
length  polymorphisms,  result  in 
differing  fragment  lengths  which  can 
be  separated  using  electrophoresis. 


Species  identification 

Analysis  of  population 
genetic  structure 

Paternity  analysis 


Roehrdanz  1992* 
Haddrill  2001* 

Haddrill  2001* 


Total  genomic  DNA  is  cut  up  using 
restriction  enzymes  and  adaptor 
sequences  joined  to  the  ends  of  the 
resulting  DNA  fragments.  A subset  of 
the  fragments  is  amplified  using  PCR 
with  primers  complementary  to  the 
adaptor  and  part  of  the  fragment.  The 
amplified  fragments  are  visualized  by 
electrophoresis. 


Analysis  of  population 
genetic  structure 

Paternity  analysis 


Haddrill  2001* 
Haddrill  2001* 


Random 

Amplification 

of 

Polymorphic 
DNA  (RAPD) 
analysis 


Uses  PCR  with  short,  relatively  Species,  population  and 

unspecific  primers  (typically  8-12  strain  identification 

nucleotides)  is  to  amplify  small 
(300-2000  base  pair)  fragments  of 
genomic  DNA  which  are  then  resolved 
by  electrophoresis.  The  resultant 
patterns  of  amplified  DNA  fragments, 
from  a number  of  such  primers,  can 
be  used  to  generate  a characteristic 
DNA  profile  for  a species,  population 
or  strain  of  an  organism. 


Roehrdanz  1992*; 
Roehrdanz  & 
Flanders  1993* 


Table  2.2  (Continued} 


Methodological 

approach 

Description 

Uses  in  coccinellid 
studies 

References 

Microsatellite 

analysis 

Uses  tandemly  repeated  sequences  of 
typically  one  to  six  nucleotides  (e.g. 
CACACACA  . . .),  which  are  amplified 
using  PCR  primers  designed  to  bind 
either  side  of  the  repeated  sequence. 
The  number  of  times  the  sequence  is 
repeated,  and  thus  the  length  of  the 
microsatellite  region,  is  frequently 
highly  variable  intraspecifically,  making 
microsatellites  suitable  markers  for 
population  genetic  analysis;  in 
combination  they  can  give  a near- 
unique individual  specific  DNA 
fingerprint,  making  them  of  value  in 
studies  of  individual  reproductive 
success  and  paternity. 

Species  identification 
(single  locus) 

Analysis  of  population 
genetic  structure  or 
phylogeography 

Paternity  analysis 

A.  Thomas  et  al.  2010 

Haddrill  2001;  Haddrill 
et  al.  2008;  Lombaert 
et  al.  2010 

Haddrill  et  al.  2008 

Inter-Simple 
Sequence 
Repeat  (ISSR) 
analysis 

Uses  length  polymorphism  in  genomic 
regions  between  microsatellite  loci, 
which  are  amplified  using  primers 
complementary  to  two  neighbouring 
microsatellites.  As  ISSRs  are  often 
more  conserved  than  microsatellites 
they  are  used  in  phylogeographic 
studies,  rather  than  studies  of 
individuals. 

Phylogeography  (species 
delimitation) 

Marin  et  al.  2010 

Use  of  DNA 
sequences 

PCR  and  sequencing  of  specific  gene 
regions;  the  sequence  is  used  directly 
in  analyses 

Phylogenetics 

Howland  & Hewitt  1995; 
Kobayashi  et  al. 

1998;  Palenko  et  al. 
2004;  Hunt  et  al. 

2007;  Robertson 
et  al.  2008;  Weinert 
2008;  Giorgi  et  al. 
2009;  Magro  et  al. 
2010;  Sloggett  et  al. 
in  press 

Phylogeography  (including 
species  delimitation) 

Kobayashi  et  al.  2000, 
2011;  Blekhman  et  al. 
2010;  Marin  et  al. 
2010;  C.E.  Thomas 
et  al.  2010 

Use  of  specific 
PCR  primers 

Target-specific  primers  designed  on  the 
basis  of  sequence  data.  PCR  of 
samples,  followed  by  electrophoresis. 
Presence  of  a PCR  amplification  band 
indicates  target  DNA  present. 

Species  identification 

Gagnon  et  al.  2005*; 
Harwood  et  al.  2007 

DNA  microarray 
analysis 

Labelled  amplified  DNA  is  simultaneously 
probed  with  many  distinct  gene-  or 
organism-specific  DNA 
oligonucleotides  arranged  together  as 
microscopic  spots  on  a solid  matrix. 
Hybridization  to  the  probes  is  detected 
through  labelling,  and  conclusions 
drawn  on  the  basis  of  which  probes 
have  hybridized  to  the  DNA. 

Species  identification 

Pasquer  et  al.  2009* 
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C.  transversogiittata  to  25%  between  the  Cocdnella 
species  and  Hip.  variegata,  suggesting  a phylogenetic 
signal.  The  RAPD  method  was  able  to  distinguish  not 
only  the  four  species,  but  intraspeciflcally  between 
laboratory  colonies  with  widely  different  geographic 
origins.  Combinations  of  three  or  four  specific  primers 
were  sufficient  to  completely  differentiate  the  colonies, 
although  many  more  primers  were  tested  to  find  the 
most  suitable  (Roehrdanz  1992,  Roehrdanz  & Flanders 
1993).  With  RAPD  markers,  as  with  RFLPs,  although 
C.  septempunctata  and  C.  transversogiittata  were  distinct, 
they  were  more  similar  than  C.  septempunctata,  Hip. 
variegata  and  P.  qiiatiiordecimpunctata  were  to  each 
other.  Although  the  authors  suggested  a number  of 
uses  for  such  markers,  neither  the  RAPD  nor  RFLP 
methods  appear  to  have  been  used  in  any  practical 
application.  The  use  of  RAPD  markers  has  in  general 
declined,  in  large  part  due  to  the  relatively  low  repro- 
ducibility of  results  with  small  variations  in  initial 
PCR  conditions;  both  methods  are  now  considered 
somewhat  outmoded  by  comparison  with  the  use  of 
DNA  sequences,  either  directly  or,  more  often,  to  design 
PCR  primers  or  probes  specific  to  the  entity  being 
studied. 

The  direct  use  of  DNA  sequences  for  species  iden- 
tification has  found  its  fullest  expression  in  the  idea 
of  DNA  barcoding,  whereby  short  standardized 
sequences  are  used  to  distinguish  species  (Hebert  et  al. 
2003,  Hajibabaei  et  al.  2007).  The  barcode  sequence 
of  an  unknown  specimen,  amplified  using  conserved 
primers,  is  compared  to  a library  of  such  sequences 
obtained  from  specimens  of  known  species  identity; 
the  specimen  can  then  be  identified  if  its  sequence 
closely  matches  one  in  the  library.  A 650  bp  fragment 
of  the  5'  end  of  the  mitochondrial  COI  gene  has  been 
adopted  as  a universal  standard  barcode  region  for 
animals.  A number  of  such  barcodes  already  exist 
for  coccinellids  in  the  GenBank  database  (http;// 
www.ncbi.nlm.nih.gov/Genbank/);  however,  coccinel- 
lid  barcodes  have  not  yet  been  used  in  ecological 
studies,  although  it  seems  likely  they  will  be  used  in  the 
future.  The  reservations  of  Hurst  & Jiggins  (2005) 
about  the  potential  for  mtDNA  to  cross  species  bounda- 
ries must  be  borne  in  mind  if  very  closely  related 
species  are  studied  using  COI  barcodes,  although  the 
risk  is  quite  small  (2. 6. 1.1).  A potential  alternative  to 
using  mtDNA  barcodes  is  the  use  of  the  nuclear  ITSl 
sequences  (Schulenburg  et  al.  2001;  2. 6. 1.2).  These 
genomic  regions  exhibit  high  evolutionary  rates  in 


coccinellids,  making  them  species  specific;  furthermore 
they  appear  to  be  relatively  homogeneous,  both  within 
and  between  individuals  of  a species. 

Sequence  data  from  identified  target  individuals  can 
also  be  used  to  design  specific  PCR  primers  or 
probes.  Gagnon  et  al.  (2005)  designed  four  sets  of 
species-specific  primers  to  amplify  parts  of  the  ITSl 
regions  of  C.  septempunctata,  P.  quatuordecimpunctata 
and  Har.  axyridis  and  the  COI  region  of  Coleomegilla 
maculata.  Overall,  the  species-specificity  of  the  primers 
was  high,  although  there  were  two  cases  of  cross- 
priming to  other  coccinellid  species.  After  electro- 
phoresis of  the  PCR  product,  it  was  possible  to  detect  a 
PCR  band  from  a target  species’  DNA  when  in  a 10% 
mixture  with  that  of  another  species,  mimicking  the 
proportion  of  prey  DNA  expected  to  occur  in  an 
intraguild  predator.  PCR  of  a single  microsatellite 
marker  specific  to  A.  bipunctata  has  recently  been  used 
to  identify  Har.  axyridis  intraguild  predation  of  this 
species  (A.  Thomas  et  al.  2010). 

Microarray  chips  with  COI  DNA  probes  were  used 
by  Pasquer  et  al.  (2009)  to  differentiate  a number  of 
different  beneficial  insects,  including  the  coccinellids 
A.  bipunctata,  C.  septempunctata,  Chilocorus  nigritus, 
Cryptolaemus  montrouzieri  and  Rhizobius  lophanthae. 
The  chip,  carrying  a number  of  distinct  species- 
specific  probes,  was  exposed  to  fluorescence-labelled, 
PCR-amplified  DNA  from  a single  insect.  The  insect 
species  was  identified  by  which  probes  hybridized  to 
the  DNA.  Pasquer  et  al.  used  at  least  four  different 
probes  for  each  beneficial  insect  species  they  wished  to 
identify,  to  avoid  a higher  error  rate  consequent  on  the 
use  of  single  probes  (through  false  positives  or  nega- 
tives). The  authors  point  out  that,  particularly  for  a 
species  like  A.  bipunctata  with  a very  high  level  of 
polymorphism  in  the  COI  gene  (see  2. 6. 1.1),  reliable 
identification  can  only  be  accomplished  through  the 
use  of  multiple  probes.  It  seems  likely  that,  as  our 
knowledge  of  coccinellid  genomes  and  markers 
increases,  microarray  chips  will  be  increasingly  used  to 
identify  not  only  species,  but  specific  populations  and 
strains  as  well. 

It  is  worth  noting  that  the  methods  described  in 
this  section  for  coccinellids  can  be  eqnally 
applied  to  the  organisms  with  which  they  inter- 
act. Laboratory-  and  field-based  work  already  exists 
in  which  molecular  techniques  have  been  used  to 
identify  or  quantify  prey  in  coccinellid  diets,  (Weber 
& Lundgren  2009;  Chapter  10).  A less  obvious 
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application  of  molecular  genetic  methods  is  as  a 
means  to  identify  and  study  coccinellid  symbionts, 
pathogens  and  parasites.  Molecular  methods  are 
routinely  used  in  the  identification  of  male-killing 
endosymbionts  (Chapter  8),  but  hold  great  and  as  yet 
untapped  potential  as  an  investigative  tool  with  which 
to  study  other  parasitic  and  pathogenic  organisms  of 
coccinellids,  which  in  many  cases  have  been  poorly 
studied. 

2. 6. 2. 2 Phylogenetics  (see  also  Chapter  1) 

Phylogenetic  studies  of  the  Coccinellidae,  like  all  such 
studies,  originally  utilized  phenotypic  characteristics, 
particularly  morphology,  and  until  recently  our  view 
of  coccinellid  phylogeny  and  consequent  taxonomy 
has  been  almost  exclusively  morphologically  based 
(e.g.  Sasaji  1968,  Fuersch  1996,  Kovar  1996).  The 
advent  of  molecular  methods  has  not  only  made  it  pos- 
sible to  re-address  questions  about  overall  broad  scale 
relationships  between  subfamilies  and  tribes,  but  also 
to  address  in  detail  smaller  scale  questions  about  the 
exact  relationships  between  closely  related  species 
within  the  larger  groupings.  Although  a number  of 
methods  have  been  shown  to  provide  phylogenetic 
information,  including  studies  of  isozyme  variation  in 
closely  related  species  (Sasaji  & Ohnishi  1973b,  Kuboki 
1978,  Sasaji  & Nishide  1994),  RFLP  andRAPD  studies 
(Roehrdanz  1992,  Roehrdanz  & Flanders  1993),  the 
vast  majority  of  molecular  phylogenetic  studies  of  coc- 
cinellids have  been  based  on  DNA  sequence  data. 
They  include  studies  addressing  the  monophyly  of  the 
Coccinellidae  and  its  position  within  the  Coleoptera 
(Howland  & Hewitt  1995,  Hunt  et  al.  2007,  Robertson 
et  al.  2008),  relationships  between  coccinellid  sub- 
families and  tribes  (Giorgi  et  al.  2009,  Magro  et  al. 
2010)  and  the  phylogeny  of  closely  related  genera  or 
species  (Kobayashi  et  al.  1998,  Palenko  et  al.  2004. 
Sloggett  et  al.  in  press). 

Studies  focused  on  closely  related  genera  or 
species  have  been  exclusively  limited  to  mitochondrial 
COI  sequence  data.  This  sequence  appears  to  exhibit 
the  optimum  level  of  divergence  for  phylogenetic  anal- 
ysis at  the  level  of  distinct  species  within  genera  or  very 
closely  related  genera  (Kobayashi  et  al.  1998,  Palenko 
et  al.  2004),  although  the  issue  of  mtDNA  linkage  to 
endosymbionts  must  be  considered  for  sibling  species 
(Hurst  & Jiggins  2005;  2. 6. 1.1).  Above  this  taxonomic 
level,  the  phylogenetic  utility  of  the  sequence  declines. 


Mawdsley  (2001)  found  that  a COI  sequence  phyl- 
ogeny of  C.  septempunctata,  A.  hipunctata  and  Calvia 
quatuordecimguttata  from  the  Coccinellinae  and  E. 
quadripustulatus  from  the  Chilocorinae  varied  markedly 
in  its  topology  depending  on  the  outgroup  and  tree- 
searching algorithm  used.  Sloggett  et  al.  (in  press)  in 
comparing  a number  of  genera  of  Coccinellini,  found 
that  the  inferred  amino  acid  sequences  were  more 
informative  than  DNA  sequences  for  reconstruction  of 
the  relationship  among  genera;  DNA  sequence  infor- 
mation was  likely  confounded  by  a high  degree  of 
homoplasy  (i.e.  identical  bases  in  different  species  not 
occurring  by  common  descent).  In  attempting  a COI- 
based  phylogeny  of  the  Coleoptera,  Howland  and 
Hewitt  (1995)  found  sequence  variation  within  beetle 
families  in  some  cases  to  be  a great  as  that  between 
beetle  families,  and  concluded  that  a more  conserved 
sequence  was  necessary.  Studies  of  the  phylogenetic 
relationships  of  the  whole  family  Coccinellidae  or  of 
subfamilies  or  tribes  within  the  Coccinellidae  have  used 
more  slowly  evolving  sequences,  particularly  18S 
ribosomal  DNA  (18S  rDNA)  and  other  rDNA  regions 
(Hunt  et  al.  2007,  Robertson  et  al.  2008,  Giorgi  et  al. 
2009,  Magro  et  al.  2010);  unlike  studies  of  close 
relatives  they  have  also  all  used  more  than  one  gene 
region. 

DNA  sequence-based  studies  of  the  relationships 
of  the  Coccinellidae  to  other  beetle  groups  all 

agree  that  the  Coccinellidae  is  a monophyletic  group. 
Studies  at  the  subfamilial  and  tribal  level  within 
the  Coccinellidae  have  indicated  that  some  tradition- 
ally recognized  groups  are  paraphyletic,  that  is  they  do 
not  include  all  the  descendants  of  the  most  recent 
common  ancestor  and  thus  do  not  form  natural 
groups.  Giorgi  et  al.  (2009)  suggest  that  this  is  the  case 
for  the  Sticholotidinae,  Chilocorinae,  Scymninae  and 
Coccidulinae,  although  the  Coccinellinae  was  sup- 
ported as  monophyletic.  Their  conclusions  are  broadly 
mirrored  by  Magro  et  al.  (2010),  who  also  considered 
the  Epilachninae  as  a paraphyletic  group.  In  the  near 
future  we  are  likely  to  have  a much  improved  view  of 
the  relationships  at  all  taxonomic  levels  within  the 
group,  which  is  currently  being  intensively  investi- 
gated as  part  of  the  US  National  Science  Foundation 
Partnerships  for  Enhancing  Expertise  in  Taxonomy 
(PEET)  and  Assembling  the  Tree  of  Life  (AToL)  initia- 
tives. For  this  work  a broad  range  of  gene  regions  are 
being  used  (mitochondrial  12S  rDNA,  16S  rDNA,  COI 
and  coil;  nuclear  18S  rDNA,  28S  rDNA  and  histone 
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Henosepilachna  yasutomii  B 
Henosepilachna  niponica  Co 

Henosepilachna  pustulosa  Co  B 

Henosepilachna  vigintioctomaculata  S C 

Henosepilachna  enneasticta  S 

Henosepilachna  vigintioctopunctata  S 

Henosepilachna  boisduvali  C 
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Figure  2.8  Phylogenetic  tree  of  twelve  Epilachninae,  showing  plant  host  shifts  in  this  phytophagons  group.  The  tree  was 
constructed  using  1000  bp  cytochrome  oxidase  I (COI)  mitochondrial  sequences.  Scale  bar  = 0.02  substitutions  per  nucleotide 
for  tree  branch  lengths.  Host  plants:  B.  Berberidaceae;  Co,  Compositae:  S,  Solanaceae;  C,  Cucurbitaceae.  Redrawn  from 
Kobayashi  et  al.  (1998)  taking  into  account  revised  taxonomy,  with  permission. 


H3  genes).  Some  of  these  regions  are  slowly  evolving 
( 1 8S  and  28 S).  whereas  others  are  fast  evolving  regions 
(12S.  16S.  COI,  coil):  in  this  way  it  is  hoped  to  provide 
complementary  data  on  both  older  and  more  recent 
evolutionary  events  (J.A.  Giorgi  & J.V.  McHugh,  pers. 
comm.). 

There  are  also  a number  of  phylogenetic  studies  that 
have  not  aimed  purely  at  providing  phylogenetic  clarity 
as  an  end  in  itself,  but  rather  have  aimed  to  address  a 
variety  of  questions  about  the  evolution  of  other 
characteristics  in  a phylogenetic  context  (Koba- 
yashi et  al.  1998,  Weinert  2008,  Giorgi  et  al.  2009, 
Sloggett  et  al.  in  press).  For  example.  Giorgi  et  al. 
(2009)  have  addressed  how  food  preferences  have 
evolved  within  the  Coccinellidae  by  mapping  feeding 
preferences  onto  a DNA  sequence  phylogeny  of  sub- 
families and  tribes.  From  this  they  were  able  to  con- 
clude that  coccidophagy  is  ancestral,  with  most  other 
feeding  preferences  having  evolved  directly  from  cocci- 
dophagy, At  a lower  phylogenetic  level,  Kobayashi  et  al. 
(1998)  used  COI  sequences  to  examine  host  plant  shifts 
in  the  Epilachninae  (Fig.  2.8).  Sloggett  et  al.  (in  press) 
used  COI  sequences  to  construct  a phylogeny  of  Coc- 
cinellini  bearing  different  chemical  defences.  Using 
the  phylogeny,  they  were  able  to  show  that  the 
myrmecophilous  C.  magniflca,  which  is  unusual 
amongst  Coccinella  species  in  possessing  convergine- 
hippodamine  chemical  defences,  is  derived  within  the 


Coccinella  genus  and  is  not  in  fact  more  closely  related 
to  other  species  with  the  same  alkaloids,  as  had  previ- 
ously been  suggested.  They  concluded  that  this  change 
of  chemical  defence  type  was  linked  to  the  preference 
of  C.  magnijica  for  living  with  ants,  which  is  also  unique 
within  the  genus. 

An  interesting  further  development  of  the  phyloge- 
netic technique  is  provided  by  Weinert  (2008),  who 
studied  evolution  of  the  endosymbiotic  bacteria 
Wolbachia  and  Rickettsia,  which  can  both  cause 
male-killing  in  coccinellids.  In  her  work,  Weinert  uti- 
lized DNA  sequences  and  consequent  phytogenies  of 
both  ladybird  hosts  and  the  bacteria  that  they  harbour. 
Thus,  she  was  able  to  show  that  both  types  of  bacteria 
have  invaded  the  Coccinellidae  multiple  times  and  that 
bacterial  infection  of  new  coccinellid  species  is  most 
common  when  they  are  closely  related  to  the  ancestral 
host  (i.e.  decreases  with  increasing  genetic  distance). 
Nonetheless,  within  individual  Rickettsia  and  Wolbachia 
clades  that  were  exclusively  coccinellid  symbionts,  only 
the  Rickettsia  clade  exhibited  close  congruence  with 
host  phylogeny  (Fig.  2.9). 

2. 6. 2. 3 Population  genetic  and 
pbylogeograpbic  studies 

Population  genetic  studies  are  concerned  with 
allele  distributions  and  change,  and  pbylogeograpbic 
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Figure  2.9  Tanglegrams  of  coccinellid  host  phytogeny  with  (a)  an  individual  clade  of  Rickettsia  coccinellid  endosymbionts 
and  (b)  an  individual  clade  of  Wolhachin  coccinellid  endosymbionts.  Scale  bars  represent  substitutions  per  nucleotide  for  tree 
branch  lengths.  Connecting  lines  are  drawn  to  connect  bacteria  strains  to  the  host  species  they  infect  (or  mitochondrial 
haplotypes  within  the  host  species  Adalia  bipunctata).  While  members  of  the  Rickettsia  clade  exhibit  close  congruence  with  host 
phylogeny,  members  of  the  Wolbachia  clade  do  not;  consequently,  a higher  amount  of  horizontal  transmission  between  more 
distantly  related  hosts  can  be  inferred  for  members  of  the  Wolbachia  clade.  Redrawn  from  Weinert  (2008),  with  permission. 


studies  are  concerned  with  the  role  that  historical  and 
biogeographical  factors  play  in  the  current  genetic 
structure  of  populations  and  species.  Molecular  studies 
across  and  between  populations  generally  contain 
overlapping  population  genetic  and  phylogeographic 
components  and  therefore  they  are  considered  togeth- 
er here. 


Although  the  majority  of  pre-molecular  population 
genetic  and  evolutionary  studies  were  concerned  with 
colour  pattern  polymorphism  (2.4),  work  away  from 
this  subject  included  chromosomal  studies  (2.3.4),  and 
investigations  of  inbreeding  (Lusis  1947)  and  hybridi- 
zation (reviewed  in  Komai  1956).  Arguably  the  most 
significant  studies  in  the  context  of  population  genetic 
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architecture  were  those  of  Lusis  (1947).  who  investi- 
gated inbreeding  in  A.  bipunctata.  This  species  was 
found  to  exhibit  very  high  levels  of  inbreeding 
depression  consistent  with  a high  number  of  delete- 
rious recessive  alleles  occurring  naturally  in  the 
heterozygous  form.  Similar  results  were  obtained  more 
recently  by  Morjan  et  al.  (1999)  for  P.  qmtuordecim- 
punctata  introduced  to  North  America.  The  results 
suggest  that  mating  between  close  relatives  in  the  field 
is  rare.  Hurst  et  al.  (1996),  addressing  this  issue, 
showed  that  the  low  proportion  of  developed  but  dead 
eggs  in  field-collected  A.  bipunctata  egg  clutches  was 
more  similar  to  that  of  outbred  than  inbred  clutches 
from  the  laboratory,  the  latter  exhibiting  very  high  egg 
mortality.  Unfortunately,  Hurst  et  al.  did  not  consider 
the  effect  of  multiple  mating  and  sperm mixis  (2. 6. 2. 4). 
With  multiple  paternity  of  field-collected  egg  clutches, 
clutches  would  not  be  expected  to  exhibit  equivalent 
high  mortality  to  those  from  single  inbred  laboratory 
matings  of  virgin  beetles,  even  if  inbred  matings  do 
sometimes  occur  naturally. 

More  recently,  the  population  genetics  of  A.  hipunc- 
tata  populations  in  Cambridge  in  the  UK  and  Paris  in 
France  have  been  investigated  using  10  polymorphic 
microsatellite  loci  (Haddrill  2001).  This  study  found 
a deficit  of  heterozygotes  at  a number  of  loci  exam- 
ined in  both  populations,  suggesting  population  sub- 
structuring or  inbreeding.  Estimates  of  inbreeding 
were  particularly  high,  with  mean  relatedness  in  the 
two  populations  being  0.31  and  0.37,  i.e.  greater  than 
that  between  half  siblings.  The  results  are  particularly 
curious,  given  the  earlier  evidence  of  high  inbreeding 
depression  in  A.  bipunctata.  A possible  explanation  is 
that  the  ladybirds  sampled  were  part  of  the  second  gen- 
eration that  year:  their  parents  may  not  have  had  to 
move  too  far  to  find  food  and  mates  after  emergence, 
leading  to  matings  between  related  individuals.  It  is 
worth  noting  that  Hurst  et  al.’s  (1996)  inbreeding 
study,  described  above,  used  first  generation  eggs  to 
estimate  inbreeding  in  the  field.  Estimates  of  A.  hipunc- 
tata  genetic  differentiation  between  the  populations 
were  low  but  significant,  comparable  to  those  obtained 
for  A.  bipunctata  in  earlier  allozyme  studies  (Eggington 
1986,  Krafsur  et  al.  1996a).  This  is  consistent  with  a 
relatively  high  level  of  gene  flow  between  populations 
of  this  species,  as  well  as  with  a large  effective  popula- 
tion size. 

Prior  to  Haddrill’s  (2001)  study,  the  majority  of 
work  on  coccinellid  genetic  architecture  had  used 


allozymes.  Most  notably  in  a long  series  of  papers, 
Krafsur,  Obrycki  and  co-workers  described  extensive 
allozyme-based  population  genetic  analyses  of  native 
and  introduced  aphidophagous  ladybirds  of  North 
America:  these  include  Hip.  convergens,  Col.  maculata, 
A.  bipunctata,  C.  septempunctata,  P.  quatuordecimpunc- 
tata,  Hip.  variegata  and  Har.  axgridis  (Krafsur  et  al. 
1992, 1995, 1996a,  b,  1997,  2005,  Krafsur  & Obrycki 
1996,  Obrycki  et  al.  2001).  These  studies,  which  used 
a large  number  of  putative  allozyme  loci  (27-52, 
depending  on  species),  showed  that  measures  of 
genetic  variation  were  similar  to  those  for  other  beetles 
and  that  measures  of  population  differentiation  were 
generally  low.  Considered  together  with  ecological 
studies,  work  relating  to  population  genetic  structure 
is  consistent  with  populations  of  aphidophagous  coc- 
cinellids  being  near-panmictic.  This  is  unsurprising 
for  a group  of  beetles  that  frequently  move  between 
habitats  seeking  aphids,  as  well  as  dispersing  to  and 
from  overwintering  sites  on  a yearly  basis.  While 
aphidophagous  coccinellids  might  remain  in  the  same 
place  for  more  then  one  generation,  as  suggested  by 
Haddrill  for  A.  bipunctata,  yearly  movements  between 
habitats  will  ultimately  lead  to  genetic  mixing  between 
subpopulations.  It  is  worth  noting,  however,  that  the 
aforementioned  studies  were  all  on  aphidophagous 
habitat  and  dietary  generalist  species:  more  sedentary 
specialists  might  exhibit  a lower  degree  of  genetic  mixis 
(Sloggett  2005).  Similarly  it  is  unclear  to  what  extent 
these  results  could  be  extended  to  ladybirds  with  other 
diets,  such  as  coccidophagous  or  phytophagous  species. 

A central  aim  of  the  allozyme  studies  was  to  investi- 
gate genetic  diversity  in  relation  to  the  successful 
establishment  of  exotic  biocontrol  agents.  Meas- 
ures of  genetic  diversity  were  similar  for  both  native 
and  exotic  species,  leading  the  authors  to  conclude  that 
there  is  no  obvious  relationship  between  genetic  diver- 
sity and  successful  colonization  of  new  areas.  More 
recent  work  by  Lombaert  et  al.  (2010)  has  thrown 
more  light  on  the  establishment  by  exotic  ladybirds 
outside  their  native  range,  in  a phylogeographic  study 
examining  the  origins  of  invasive  Har.  axyridis 
populations.  The  authors  used  microsatellites  and 
modern  Bayesian  computational  techniques  to  com- 
pare different  colonization  scenarios.  Eor  each  step 
of  the  worldwide  spread  of  Har.  axgridis  (spread  into 
eastern  North  America,  western  North  America, 
Europe,  South  America  and  Africa),  the  Bayesian  anal- 
ysis gave  a highest  probability  scenario  for  the 
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Figure  2.10  The  most  lilcely  Harmonia  axyridis  invasion  routes  into  eastern  North  America  (ENA),  western  North  America 
(WNA),  South  America  (SA),  Europe  (EU)  and  Africa  (AE),  based  on  a study  using  microsatellites  and  Bayesian  statistics.  For 
each  outbreak,  the  arrow  indicates  the  most  likely  invasion  pathway  and  the  associated  posterior  probability  value  (P),  with 
95%  confidence  intervals  in  brackets.  The  years  that  invasive  popnlations  were  first  observed  are  also  indicated.  EBC  is  the 
European  biocontrol  strain,  originally  collected  in  1982,  which  probably  forms  an  additional  source  for  European  popnlations 
along  with  with  ladybirds  from  eastern  North  America.  Eroni  Lombaert  et  al.  (2010),  courtesy  of  the  authors. 


population  origin  (Fig.  2.10).  The  results  showed  that 
the  first  established  non-native  population,  in  eastern 
North  America,  acted  as  a ‘bridgehead’  source  for  the 
majority  of  the  other  non-native  populations  that  sub- 
sequently established  (Fig.  2.10).  It  may  be  inferred 
that  some  evolutionary  change  occurred  in  the  eastern 
North  American  population  that  made  Har.  axyridis 
a much  more  successful  colonizer  of  new  regions 
than  before. 

Another  phylogeographic  use  of  molecular  markers 
is  to  delimit  cryptic  species  within  complexes  of 
close  relatives  that,  on  morphological  grounds,  can 
appear  to  be  a single  species.  Work  in  this  area  has  been 
carried  out  on  phytophagous  Epilachninae,  where 
cryptic  species  can  be  specialized  on  different  host 
plants.  Very  early  on  in  the  history  of  coccinellid 
molecular  studies  Kuboki  (1978)  used  isozymes  as  a 
way  of  delimiting  species  within  the  Henosepilachna 


vigintioctomaculata  complex  and  examining  the  phylo- 
genetic relationships  between  them.  More  recently, 
using  a combination  of  breeding  work,  karyological 
studies  and  mitochondrial  COI  sequence  analysis, 
Kobayashi  et  al.  (2000)  were  able  to  show  that  the 
species  Henosepilachna  (=  Epilaclma)  vigintioctopunctata 
was  divided  into  two  cryptic  species.  Conversely  molec- 
ular studies  can  also  show  that  species  separated  on 
morphological  grounds,  are  in  fact,  a single  entity. 
Marin  et  al.  (2010),  using  crossing  experiments,  mor- 
phological analysis,  analysis  of  COI  sequences  and 
inter-simple  sequence  repeat  (ISSR)  markers, 
showed  that  C.  septempunctata.  including  the  putative 
C.  septempunctata  brucki  and  C.  algerica,  were  a single 
species  and  not  a complex.  The  results  from  ISSR 
markers  in  this  work  are  of  particular  interest.  Due  to 
linkage  to  endosymbiotic  bacteria  such  as  male  killers, 
which  are  known  in  C.  septempunctata  (Majerus  & 
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Hurst  1997),  mtDNA  may  be  a much  less  reliable 
genetic  marker  for  such  studies  (2. 6. 1.1). 


2. 6. 2.4  Reproductive  success,  paternity  and 
sperm  competition 

Distinctive  genetic  markers  are  especially  valuable  in 
studies  which  aim  to  measure  the  success  of  particular 
strains  or  individuals  in  subsequent  generations.  The 
most  important  use  of  coccinellid  genetic  markers  in 
this  context  has  been  in  studying  sperm  competition; 
that  is,  to  deduce  patterns  of  paternity  when 
females  mate  multiply  and  sperm  from  different 
males  compete  to  fertilize  a female's  eggs,  as  is  typically 
the  case  for  coccinellids  (Hodek  & Ceryngier  2000; 
Chapter  3).  If  males  carrying  different  genetic  markers 
are  used  in  experiments,  the  offspring  can  then  be 
genotyped  to  deduce  which  male  is  the  father. 

Studies  of  sperm  competition  and  paternity  in  coc- 
cinellids have  included  the  Coccinellini  A.  hipunctata,  A. 
decempunctata  and  Har.  axyridis  and  the  Epilachnini 
Epilachna  varivestris  and  Henosepilachna  pustulosa 
(Webb  & Smith  1968,  Nakano  1985,  de  Jong  et  al. 
1993,  1998,  Ueno  1994b,  Ransford  1997,  Haddrill  et 
al.  2008);  molecular  studies  have,  however,  been 
limited  to  A.  bipimctata.  The  first  studies  of  A.  hipunctata 
were  non-molecular,  using  its  polymorphic  colour 
pattern  as  a genetic  marker.  Virgin  non-melanic 
females  (i.e.  homozygous  recessive  for  colour  pattern) 
were  mated  to  non-melanic  and  melanic  males  (the 
latter  being  homozygote  or  heterozygote  for  the  domi- 
nant melanic  gene).  By  rearing  the  larvae  to  adulthood 
and  scoring  their  colour  pattern,  it  was  possible  to 
work  out  which  male  had  fathered  the  offspring.  Initial 
experiments,  in  which  virgin  females  were  mated  to 
one  male  of  each  phenotype,  concluded  that  A.  hipunc- 
tata exhibited  almost  complete  last  male  sperm  prece- 
dence (de  Jong  et  al.  1993).  In  a later  series  of 
experiments,  however,  de  Jong  et  al.  (1998)  found 
much  greater  variation  in  the  proportion  of  eggs 
fertilized  by  a melanic  male,  both  when  the  female 
had  previously  been  singly  or  multiply  mated  to  non- 
melanic  males.  This  was  supported  by  evidence  from 
the  field,  which  showed  that  matings  between  hetero- 
zygote melanic  and  non-melanic  individuals  rarely 
resulted  in  a 1 ; 1 proportion  of  the  colour  forms  in  the 
offspring,  as  would  be  expected  with  last  male  sperm 
precedence.  In  mating  treatments  consisting  of  two 
single  matings,  de  Jong  et  al.  (1998)  observed  a positive 


correlation  between  the  proportion  of  eggs  fertilized  by 
the  second  male  and  the  ratio  of  the  duration  of 
the  second  mating  relative  to  the  first.  They  con- 
sidered that  manipulation  of  the  first  male’s  sperm  by 
the  second  male  was  more  successful  the  longer  a male 
mated  for;  however,  they  did  not  discuss  in  detail  by 
what  mechanism  sperm  displacement  occurred. 

Colour  pattern  markers  have  been  also  used  also  to 
study  sperm  competition  in  Har.  axyridis  (Ueno  1994b) 
and,  in  the  light  of  that  study,  to  estimate  how  many 
males  a female  mates  with  in  the  field  (Ueno  1996). 
However,  there  are  some  problems  associated  with  the 
use  of  colour  pattern  markers.  It  is  necessary  to  carry 
out  time-  and  resource-intensive  rearing  of  large 
numbers  of  offspring  so  that  the  colour  patterns  can 
be  scored;  de  Jong  et  al.  (1998)  reared  a total  of  3108 
A.  hipunctata  eggs  to  adults  in  their  laboratory  experi- 
ments and  a further  5077  individuals  from  eggs 
obtained  from  field-collected  adults.  During  the  rearing 
process,  it  is  important  to  ensure  that  there  is  no  poten- 
tial for  selection  to  occur  between  larvae  of  different 
genotypes,  which  could  potentially  lead  to  biased  esti- 
mates of  morph  frequencies;  this  in  itself  makes  the 
rearing  process  more  arduous,  requiring  the  experi- 
menter to  avoid  problems  commonly  encountered 
in  the  mass  rearing  of  ladybirds  such  as  crowding, 
food  shortage  or  cannibalism.  Furthermore,  additional 
rearing  may  be  required  to  verify  parental  genotypes; 
dejongetal.  (1993,  1998)  had  to  mate  all  experimen- 
tal melanic  males  to  additional  non-melanic  virgin 
females,  and  rear  resulting  offspring  to  adult  to  verify 
whether  the  males  were  homozygote  or  heterozygote 
melanics. 

Noting  these  types  of  problem,  Ransford  (1997) 
used  an  allozyme-based  approach  to  study  sperm 
competition  in  A.  hipunctata.  He  used  four  allozyme 
variants  at  the  isocitrate  dehydrogenase  1 (Mil)  locus, 
of  which  one  was  common  (92%)  and  three  were  rare 
(<5%).  The  genotypes  of  individual  ladybirds  were 
deduced  using  electrophoretic  analysis  of  reflex  blood 
extracts,  leaving  the  ladybirds  alive  for  breeding  and 
mating  experiments.  Neonate  offspring  were  used 
whole  to  score  their  genotype.  Therefore  it  was  not  nec- 
essary to  rear  them  through  to  adult,  as  with  colour 
pattern  markers.  Matings  of  males  heterozygous  for 
the  different  allozyme  variants  to  homozygous  virgin 
females  produced  1;1  distributions  of  the  paternal 
allozyme  variants  in  the  offspring,  indicating  that  the 
variants  were  equivalent  in  their  fertilization  success. 
Two  experiments  on  sperm  precedence  were  carried 
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out.  The  first  used  homozygous  laboratory-bred  virgin 
females  mated  to  two  males  homozygous  for  different 
alleles.  The  second  used  males  with  rare  alleles  mated 
to  field  collected,  non-virgin  females:  in  this  case  the 
rarity  of  the  experimental  male  alleles  meant  that 
many  field-collected  females  had  not  mated  previously 
with  such  males.  In  both  experiments  very  high  vari- 
ation in  the  proportion  of  offspring  sired  by  the 
last-mating  male  was  found:  with  the  only  correlate 
of  this  variation  being  mating  duration.  Interest- 
ingly, among  offspring  not  sired  by  the  last  mating, 
the  relative  precedence  of  a male  mating  over  earlier 
matings  persisted  even  after  a further  mating  had 
occurred,  Ransford's  work  suggests  that  sperm  mixing 
occurs,  and  that  the  relative  abundance  of  the  sperm 
of  different  males  determines  how  likely  they  are  to 
fertilize  the  eggs.  Although  Ransford’s  allozyme  study 
of  paternity  represents  a significant  advance  over 
colour  pattern-based  paternity  studies,  a substantial 
amount  of  laboratory  breeding  was  still  required  to 
produce  A.  hipunctata  males  homozygous  for  low  fre- 
quency Idhl  alleles,  which  are  exceedingly  scarce 
naturally. 

Also  studying  A.  hipunctata,  Haddrill  et  al.  (2008) 
used  three  extremely  variable  microsatellite  loci  to 
study  mating  frequency  and  paternity.  All  larvae  from 
two  egg  clutches  laid  by  individual  field-collected 
females  were  genotyped.  The  females  were  also  geno- 
typed  for  exclusion  purposes  and  the  number  of  pater- 
nal microsatellite  alleles  present  in  each  clutch 
determined  for  the  three  loci.  Using  this  method,  Had- 
drill et  al.  were  able  to  estimate  that  individual  A. 
hipunctata  egg  clutches  were  fathered  by  2 . 5-3 . 5 males. 
Additionally,  laboratory  paternity  studies  indicated 
that  all  males  mating  with  a female  then  father 
at  least  a few  offspring:  this  indicates  that  females 
possess  a limited  ability  if  any,  for  post-copulatory 
mate  discrimination,  for  example  by  rejecting  the 
sperm  of  certain  males.  Like  other  researchers,  Had- 
drill et  al.  also  found  that  longer  matings  resulted 
in  higher  paternity  of  subsequent  egg  clutches. 

The  majority  of  work  on  A.  hipunctata  is  consistent 
with  the  conclusions  of  Ransford  (1997),  that  A. 
hipunctata  exhibits  a mechanism  of  instantaneous 
mixing  during  sperm  displacement.  As  a male 
transfers  sperm  he  will  displace  earlier  sperm  in  direct 
proportion  to  their  instantaneous  occurrence  in  the 
spermatheca  of  the  female,  including  any  he  has 
already  transferred  (Parker  et  al.  1990).  Consequently 
the  more  sperm  a male  transfers,  the  higher  the 


proportion  of  subsequent  eggs  he  fertilizes.  In  A. 
hipunctata  and  A.  decempunctata,  males  that  mate  for 
longer  transfer  more  sperm  due  to  a mating  mecha- 
nism in  which  individual  spermatophores  are  trans- 
ferred cyclically,  with  males  undergoing  up  to  three 
cycles  in  a single  mating.  Males  that  mate  for  longer 
undergo  more  cycles  and  transfer  more  spermato- 
phores (Ransford  1997).  Although  the  cyclical  Adalia 
mating  mechanism  does  not  appear  to  be  shared  by 
most  coccinellids  (e.g.  see  Obata  & Johki  1991),  at  least 
in  Har.  axi/ridis  the  mechanism  of  sperm  displacement 
appears  to  be  similar  (Ueno  1994b).  The  availability  of 
molecular  methods  makes  it  much  easier  to  extend 
studies  to  coccinellids  that  are  not  polymorphic  for 
colour  pattern;  thus  in  the  future  the  generality  of 
instantaneous  mixing  during  sperm  displacement 
across  the  Coccinellidae  can  be  established.  Because 
microsatellites  provide  a unique  genetic  fingerprint  for 
each  individual  studied,  they  possess  great  potential  for 
investigating  multiple  mating  in  coccinellids  and  to 
compare  levels  of  promiscuity  across  individuals,  pop- 
ulations and  species.  They  are  particularly  promising 
markers  for  studies  of  populations  from  the  field  (cf. 
Haddrill  et  al.  2008). 

2.7  CONCLUSIONS 

Coccinellid  genetic  studies  possess  as  much  potential 
for  the  future  as  they  have  manifested  in  the  past.  In 
particular,  due  to  the  wealth  of  ecological  data  already 
available  on  coccinellids,  the  high  visibility  of  the 
beetles  in  the  field  and  their  relative  ease  of  mainte- 
nance in  the  laboratory,  coccinellids  are  well  suited  for 
studies  uniting  both  ecological  and  molecular 
approaches.  This  has  already  been  shown,  for  example, 
in  work  on  male-killing  and  on  sperm  competition,  but 
as  more  genomic  information  on  coccinellids  becomes 
available,  the  approach  is  likely  to  be  extended  to  other 
areas  (Chapter  12). 

This  potential  is  best  illustrated  by  reference  to  that 
genetic  phenomenon  which  remains  the  best  known 
for  the  Coccinellidae,  colour  pattern  polymorphism.  In 
spite  of  the  vast  body  of  knowledge  on  the  inheritance 
of  coccinellid  colour  patterns  and  on  the  selective  pres- 
sures acting  on  them,  as  yet  we  know  very  little 
about  the  genetic  and  developmental  pathways 
that  underlie  colour  pattern  production.  Such 
knowledge  would  undoubtedly  enhance  our  under- 
standing of  colour  pattern  polymorphism  and  its 
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evolution,  especially  when  integrated  with  what  is 
already  known  from  work  in  the  field  and  laboratory. 
Coccinellid  colour  patterns,  through  studies  of  their 
variability,  inheritance  and  maintenance,  were  of 
great  importance  to  our  understanding  of  evolution 
in  the  twentieth  century.  Molecular  studies  of  their 
genetics  and  development  could  ensure  that  they 
remain  at  the  forefront  of  evolutionary  research  in  the 
twenty-first. 
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3.1  INTRODUCTION 

Coccinellids  are  holometabolous,  i.e.  they  have  a 
‘complete  metamorphosis’,  and  pass  through  the  fol- 
lowing stages:  egg,  larva,  pupa  and  adult.  Egg  stage 
lasts  15-20%  of  the  total  preimaginal  developmental 
time,  larva  55-65%  and  pupa  20-25%  (Honek  & 
Kocourek  1990,  Dixon  2000). 

3.2  EGG 

3.2.1  Egg  morphology 

Coccinellid  eggs  are  usually  elongate,  oval  or  elliptic. 
They  vary  in  colour  from  almost  transparent  (Scymnus 
louisiarme;  Brown  et  al.  2003),  light  grey  (Stethorus), 
yellowish  (Halyzia)  through  bright  yellow  (most 
species)  to  dark  orange  (Chilocorini),  sometimes  green- 
ish (Klausnitzer  1969b).  They  are  laid  either  upright, 
attached  (glued)  to  the  substrate  by  the  lower  end  (Coc- 
cinellinae)  or  lying  on  their  side  (Scymninae,  Coccid- 
ulinae,  Chilocorinae).  The  ‘upper’  or  anterior  pole 
bears  a ring  of  micropyles  (Fig.  3.1)  - pores  in  the 
chorion  (the  egg  shell)  through  which  spermatozoa 


from  spermatheca  (receptaculum  seminis)  can  enter 
during  oviposition,  and  for  oxygen  diffusion.  A.  hipunc- 
tata  possesses  40-50  pores  in  two  rings,  Platynaspis 
luteorubm  have  clusters  of  pores  at  both  ends  of  the 
egg.  Chilocorini  have  trumpet  shaped  structures 
besides  the  tube  like  micropyles  (Ricci  & Stella  1988). 
The  egg  of  Scymnus  sinuanodulus  has  a rosette  of  4-1 1 
cup-shaped  and  13-20  semicircular  structures  that 
are  like  micropyles  (Lu  et  al.  2002). 

The  surface  of  the  coccinellid  egg  (chorion,  egg 
shell)  is  usually  smooth,  except  for  the  eggs  of  Epil- 
achninae  which  bear  a polygonal  sculpture  (Klaus- 
nitzer 1969b;  Fig.  3.1c),  and  R/ii/zo/;ius  with  a granular 
surface  (Ricci  & Stella  1988).  The  smooth  surface 
may  be  soaked  with  an  oily  excretion  provided  by 
accessory  glands  of  the  mother.  The  excretion  is  col- 
ourless, or  rarely  red  (as  in  Calvin  quatuordecimguttata: 
Klausnitzer  & Klausnitzer  1986)  and  contains  defen- 
sive or  signalling  alkanes  (Hemptinne  et  al.  2000; 
Chapter  9.). 

The  yolk  of  the  egg  contains  many  nntrients. 
During  embryonic  development  of  the  A.  hipunctata 
egg  mass,  lipid  and  glycogen  contents  decline  strongly, 
while  egg  protein  decline  more  slowly.  Free  carbohy- 
drates decline  early  in  egg  development  and  increase 


Figure  3.1  SEM  photographs  of  ladybird  eggs,  (a,  b)  Harnwnin  axyridis,  (c,  d)  Cynegetis  impunctata.  (a,  c)  upper  parts  of  eggs 
with  ring  of  micropyle  openings;  (b)  ring  of  micropyles;  (d)  detail  of  a micropyle  opening. 
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before  hatching  (Sloggett  & Lorenz  2008).  Energy  per 
unit  egg  mass  is  lowest  in  the  generalist  A.  hipunctata, 
which  also  has  relatively  large  eggs,  and  is  highest  in 
the  specialized  Anisosticta  novemdecimpunctMta,  which 
has  small  eggs. 

A few  days  or  hours  before  hatching  the  eggs  become 
greyish,  because  the  larvae  are  visible  through  the 
chorion.  The  first  instar  larvae  of  Coccinellinae  and 
Epilachninae  may  possess  special  structures  on  head 
and  prothorax  called  egg  teeth  which  probably  help 
the  larva  in  hatching.  Hatched  larvae  rest  some  time 
on  the  empty  egg  shells,  and  may  eat  them. 

Ladybird  eggs  are  defended  chemically  against  pre- 
dation, including  that  which  is  intra-guild,  and  they 
are  suitable  to  varying  degrees  as  food  for  other  lady- 
birds (Rieder  et  al,  2008;  Chapter  7), 

3.2.2  Egg  size 

Insect  species  have  a genetically  fixed  maximum 
number  of  ovarioles  related  to  egg  cluster  size  (see 
below)  and/or  a fixed  maximum  size  of  each  single 
egg  - traits  expressed  with  ample  food  and  other 
favourable  environmental  conditions.  With  a limited 
food  supply,  the  size  of  eggs  may  be  reduced  and  their 
number  maintained,  or  decreased  and  their  size 
maintained.  Coccinellids  adopt  the  second  strategy 
(Stewart  et  al.  1991a,  b;  Dixon  & Guo  1993:  see 
also  5.2,3),  This  is  similar  to  birds,  for  example,  where 
egg  weight  (E)  across  species  increases  in  direct  pro- 
portion (almost  isometrically)  to  body  weight  (W) 
of  the  female  and  inversely  to  the  ovariole  number 
(0):  log  E = 0.83  • log(W/0)  - 0.44  (Stewart  et  al. 
1991b). 

The  size  of  eggs  is  thus  related  to  the  average  body 
size  of  the  species;  it  is  less  than  0.4  mm  in  the  smallest 
genera  and  over  2 mm  in  the  largest  genera.  Eggs  of 
Scymmis  louisianae  are  0.5  mm  long  and  0.2  mm  wide 
(Brown  et  al.  2003).  Adult  Clitostetlms  oculatus  are 
only  1.2  6 mm  long  and  the  eggs  are  0.41  mm  long  and 
0.18  mm  wide,  greenish  to  yellowish- white,  with  a 
reticulate  chorion:  whereas  adult  Delphastus  pusillus 
are  1.39mm  long,  the  eggs  are  0.43mm  long  and 
0.23  mm  wide,  white  and  smooth  (Liu  & Stansly 
1996a),  Eggs  of  Stethorus  pusillus  are  0.4mm  long, 
eggs  of  A.  hipunctata  1.0  mm  long,  eggs  of  C.  septem- 
punctata  1,3  mm  long,  eggs  of  Henosepilachna  argus 
1,7mm  long,  and  eggs  of  Anatis  ocellata  2.0mm  long 
(Klausnitzer  & Klausnitzer  1986).  Egg  volume  (V)  in 


microlitres  may  be  calculated  as:  V = LW^tt/ 6,  where  L 
is  length  and  W is  the  width  of  the  egg  (Takakura 
2004). 

The  weight  of  the  eggs  of  large  species  C.  septem- 
punctata  (15.4  mg  adult  dry  mass)  and  small  species 
P.  quatuordecimpunctata  (3.7mg  adult  dry  mass)  dif- 
fered little  (0.20  versus  0.18  mg)  (Honek  et  al.  2008). 
C.  septempunctata  produces  a larger  number  of  indi- 
vidually smaller  eggs  than  C.  transversoguttata  (Kajita 
et  al.  2009)  which  has  the  same  body  size.  Similarly, 
Har.  axyridis  produces  larger  egg  clusters  with  smaller 
eggs  (0.28mm^)  than  Har.  yedoensis  (0,36mm^) 
(Osawa  & Ohashi  2008).  Species  of  similar  adult  size 
laying  smaller  eggs  may  incur  higher  costs  per  unit 
mass  than  species  laying  larger  eggs.  More  specialized 
species  reproducing  at  lower  aphid  densities  may 
provide  neonate  larvae  with  more  nutrients  to  facili- 
tate the  finding  of  an  aphid  colony  (Sloggett  & Lorenz 
2008). 

The  fitness  of  young  larvae  is  positively  related  to 
egg  size.  Starving  first  instar  larvae  survived  substan- 
tially longer  (using  only  each  individual’s  yolk 
reserves)  in  large  Coelophora  bissellata  (with  egg 
volume  1.53  mm^)  than  did  three  other  Malayan 
species  with  egg  volumes  of  0.8 1-1. 20 mm^  (Ng 
1988).  However,  small  eggs  have  a higher  rate  of 
embryonic  development,  which  decreases  the  risk 
of  egg  predation  (Majerus  1994),  Developmental  time 
was  3.0  days  in  Har.  yedoensis  possessing  larger  eggs 
and  2.7  days  in  Har  axyridis  with  smaller  eggs  (Osawa 
& Ohashi  2008).  There  is  a strong  selection  pressure 
on  fast  development  and  hatching  synchrony  in  can- 
nibalistic ladybirds.  Minimum  egg  size  is,  however, 
constrained  by  the  minimum  size  at  which  first  instar 
larvae  can  find  (by  extended  walking)  and  kill  prey 
(Stewart  et  al.  1991b). 

Small  inter-individual  variation  in  egg  size  was 
reported  in  Har.  axyridis:  mean  egg  mass  was  0.246  mg, 
with  the  minimum  average  in  offspring  of  individual 
females  0.196  and  the  maximum  0.278  (Prevolsek  & 
Williams  2006).  About  30  small  eggs  were  laid  com- 
pared with  only  about  20  large  eggs.  Intra-individual 
variation  in  egg  size  with  varying  food  levels  was 
minimal. 


3.2.3  Cluster  size 

Eggs  are  either  laid  singly  (Scymninae,  Coccidulinae, 
Chilocorinae  - mostly  coccidophagous  groups)  or  in 
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clusters  (batch,  clutch  - Coccinellinae  - aphidopha- 
gous,  Epilachninae  -phytophagous)  (Klausnitzer  & 
Klausnitzer  1986).  There  are  a few  exceptions.  In 
Chilocorinae.  the  coccidophagous  Orciis  chalybeus  lay 
eggs  in  clusters  (Thompson  1951);  Exochomus  qmdri- 
pustulatus  usually  lay  their  eggs  in  small  groups  but 
sometimes  also  individually  (Sengonca  & Arnold 
2003).  Within  Coccinellinae.  Synonycha  gmndis  lay 
sparse  clusters  with  the  eggs  a few  millimetres  apart; 
Megalocaria  dilatata  lay  eggs  in  two  rows  (lablokoff- 
Khnzorian  1982).  In  the  adelgid  eating  specialist 
Aphidecta  ohliterata,  20%  of  ‘clusters’  contain  a single 
egg.  and  a maximum  cluster  size  observed  on  spruce 
needles  was  five  eggs  (Timms  & Leather  2007). 

The  eggs  in  clusters  of  Coccinellinae  are  typically 
tightly  packed  in  an  upright  position.  The  cluster  size 
is  anatomically  determined  by  the  number  of  ovari- 
oles  (3.5.5).  which  is  similar  in  the  left  and  right 
ovaries.  The  usual  number  of  eggs  per  cluster  in 
optimal  conditions  is  equal  to  about  half  of  the  total 
ovariole  number.  This  may  be  because  the  female  lays 
eggs  from  one  of  the  two  ovaries  at  a time.  Stewart 
et  al.  (1991a)  proposed  that  about  half  the  ovarioles 
are  active  in  egg  production  at  any  time,  while  the 
rest  are  preparing  for  new  oviposition.  This  inter- 
change of  activity  might  enable  more  continuous 
egg  production.  The  maximum  number  of  eggs  laid 
in  one  cluster  in  optimal  conditions  is  close  to  the 
total  number  of  ovarioles.  However,  dissections 
showed  no  significant  correlation  between  ovariole 
number  and  egg  cluster  size  in  intraspecific  data  sets 
of  Har.  axyridis  and  A.  bipunctata  (Ware  et  al.  2008; 
5.2.3). 

Baungaard  and  Hiimalainen  (1984)  attest  that  the 
maximum  cluster  size  is  limited  by  the  number 
of  ovarioles  in  a single  ovary,  since  only  one  fully 
developed  egg  within  an  ovariole  can  be  laid,  and  all 
eggs  in  a cluster  originate  from  the  same  ovary.  They 
suggested  that  larger  clusters  are  a result  of  laying  a 
second  cluster  in  very  close  proximity  to  the  first  one. 
However.  Majerus  (1994)  reported  egg  clusters  which 
contained  numbers  well  in  excess  of  the  maximum 
numbers  of  ovarioles  recorded  for  the  respective  species 
(C.  septempimctata  and  A.  bipunctata).  He  suggested  that 
a cluster  may  include  eggs  from  both  ovaries,  and 
that  more  than  one  egg  may  be  deposited  from  one 
ovariole.  Ware  et  al.  (2008)  reported  egg  clusters  laid 
by  an  individual  female  that  were  bigger  than  the 
number  of  ovarioles  in  both  ovaries  together.  We 
suggest  that  the  count  of  ovarioles  during  dissection 


may  have  been  underestimated,  because  some  of  them 
had  been  emptied  recently,  therefore  had  not  developed 
a second  large  maturing  oocyte,  and  thus  were 
overlooked. 

In  interspecific  comparisons,  there  is  a general  linear 
correlation  between  the  number  of  ovarioles  and  the 
cluster  size  (Dixon  & Guo  1993).  However,  adult  size  is 
strongly  determined  by  food  availability  during  previ- 
ous larval  development  (Rhamhalinghan  1985)  while 
cluster  size  is  affected  by  food  availability  during  the 
development  of  oocytes.  Oocyte  development  and 
maturation  takes  a few  days  and  there  are  several 
oocytes  of  different  stages  in  each  ovariole  sequentially 
ordered  in  chambers  or  follicles,  so  that  the  female  is 
able  to  lay  a full  clutch  of  eggs  from  both  ovaries  daily. 
The  total  egg  load  is  usually  split  into  two  or  more 
clusters.  It  is  uncertain  whether  eggs  of  such  small 
clusters  come  from  one  ovary  only,  or  from  a combina- 
tion of  both. 

Fois  and  colleagues  (unpublished)  found  5-72  eggs 
in  clusters  laid  by  a single  female  of  Har.  axyridis,  the 
median  and  average  being  28  eggs.  This  was  a usual 
cluster  size  in  this  highly  fertile  species;  well-fed  young 
females  laid  two  such  clusters  daily.  However,  the 
number  of  eggs  laid  per  day  was  often  lower  than  the 
total  number  of  ovarioles  of  the  female,  which  was 
53-77  in  this  sample  of  Har  axyridis.  The  decrease  in 
the  number  of  eggs  may  have  been  due  to  suboptimal 
feeding  with  progressive  ageing,  and  may  vary  with 
the  frequency  of  mating.  The  average  cluster  weight 
of  Har.  axyridis  is  5. 6 mg  (21  eggs)  (Prevolsek  & Wil- 
liams 2006). 

The  egg  cluster  size  of  Har.  axyridis  fed  with  eggs  of 
Ephestia  kuehnieUa  is  29-32  and  28-39.  Females  fed 
with  honey  bee  pollen  oviposited  only  8-14  eggs  per 
cluster,  while  those  fed  with  the  pea  aphid,  Acyrthosi- 
phon  pisum,  laid  29-48  eggs  per  cluster  (Berkvens  et  al. 
2008a,  b).  A larval  diet  of  unlimited  aphids  resulted  in 
the  largest  clusters  of  eggs  being  laid  by  the  resulting 
Har  axyridis  and  A.  bipunctata  females  (Ware  et  al. 
2008),  irrespective  of  the  constant  number  of  ovari- 
oles. For  more  examples  on  the  effect  of  food  on 
cluster  size  see  Table  3.1. 

Egg  cluster  size  is  on  average  smaller  (about  30 
versus  40  eggs)  for  a short  photoperiod  (12  h light) 
than  for  a long  one  (16h)  in  both  the  laboratory  strain 
and  wild  population  of  the  red  succinea  morph  of  Har. 
axyridis  (Berkvens  et  al.  2008b),  while  it  is  larger  (34 
versus  28)  in  the  melanic  morph.  The  average  cluster 
size  in  a melanic  colour  morph  of  C.  septempunctata 
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Table  3.1  Egg  cluster  size  (C),  daily  fecundity  (D)  and  lifetime  fecundity  (F)  of  coccinellids.  References  for  individual  rows  are 
numbered  and  listed  below  the  table. 


c 

D 

F 

Prey,  conditions 

Ref. 

Adalia  bipunctata 
11-17 

8 

11-16  (1-47) 

— 

— 

— 

10 

— 

— 

250 

Aphis  fabae 

14 

— 

— 

676 

Myzus  persicae 

14 

11-14 

— 

— 

— 

15 

15  (2-43) 

— 

— 

— 

25 

— 

10 

— 

Myzus  persicae  on  Brassica  napus 

28 

— 

4 

— 

Myzus  persicae  on  Sinapis  aiba 

28 

— 

7 

— 

Myzus  persicae  on  Vicia  faba 

28 

14 

— 

— 

34 

— 

9.3 

738 

Aphis  fabae 

35 

— 

20.4 

max.  1535 

Microiophium  carnosum 

35 

15  (3-25) 

— 

— 

— 

37 

— 

12-20 

— 

— 

40 

— 

— 

63 

Aphis  fabae 

52 

— 

— 

1011 

Phorodon  humuii 

52 

14-28 

— 

— 

Euceraphis  betuiae,  25°C,  18L:6D 

53 

16-28 

— 

— 

Eucaiiipterus  tiiiae,  25°C,  1 8L:6D 

53 

14-24 

— 

— 

Tubercuiatus  annuiatus,  25°C,  1 8L;6D 

53 

18-26 

— 

— 

Liosomaphis  berberidis,  25°C,  1 8L:6D 

53 

14-22 

— 

— 

Acyrthosiphon  ignotum,  25°C,  1 8L:6D 

53 

12-18 

— 

— 

Macrosiphonieiia  artemisiae,  25°C,  1 8L:6D 

53 

12-21 

— 

— 

Cavarieiia  konoi,  25°C,  1 8L:6D 

53 

12-21 

— 

— 

Aphis  fabae,  25°C,  1 8L6D 

53 

12-16 

— 

— 

Aphis  farinosa,  25°C,  1 8L:6D 

53 

0 

— 

— 

Aphis  cirsiiacanthoidis,  25°C,  1 8L:6D 

53 

0 

— 

— 

Aphis  spiraephaga,  25°C,  1 8L:6D 

53 

— 

16 

537 

Myzus  persicae,  25°C 

63 

— 

— 

600 

— 

95 

— 

— 

39 

Acyrthosiphon  caraganae 

97 

— 

— 

264 

Aphis  pomi 

97 

— 

— 

94,  241 

Hyaiopterus  pruni 

97 

— 

— 

161 

Rhopalosiphum  padi 

97 

30 

— 

— 

— 

108 

31 

20 

— 

Acyrthosiphon  pisum,  22°C,  14L10D,  30 

115 

_ 

16.7 

978 

days  period;  mean  of  individual  maxima 
19°C 

51 

— 

22.5 

835 

23°C 

51 

— 

25.9 

759 

27“C 

51 

— 

18.3 

501 

pollen  + Ephestia  kuehnieiia  eggs 

51 

— 

23.0 

992 

Acyrthosiphon  pisum 

51 

— 

23.7 

1079 

Myzus  persicae 

51 

— 

28.1 

796 

Acyrthosiphon  pisum 

122 

— 

33.3 

1864 

pollen  + Ephestia  kuehnieiia  eggs 

122 

— 

11.3 

890 

pollen  + Artemia  franciscana 

122 

— 

6.3 

265 

pollen  + lyophilized  artificial  diet 

122 

— 

10.8 

468 

pollen  + lyoph.  art.  diet  + A.  franciscana 

122 
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Table  3.1  (Continued) 

CDF  Prey,  conditions  Ref. 


Adalia  decempunctata 
11 


Aiolocaria  hexaspilota 

26  (3-74)  — 

881  (784-1036) 

Anatis  oceiiata 

— — 

300 

Anegleis  cardoni 

— 6.8 

397 

— 6.3 

328 

— 5.1 

137 

Axinoscymnus  cardiiobus 



125 

— 

211 

— — 

20 

Brumoides  suturaiis 

— 

142 

— 

182 



18 

— — 

214 

Callicaria  superba 

— 

237 

Calvia  decemguttata 

— 

162-257 

Calvia  duodecimmaculata 



165 

— 

127 

— — 

193 

Calvia  quatuordecimguttata 

— 

185 

— 

247 



114-133 

— — 

122  (106-142) 

— — 

38  (28-46) 

— 

158  (147-183) 

— — 

219  (198-243) 

18  (10-27)  — 

142  (113-168) 

— — 

114  (98-128) 

Ceratomegilia  undecimnotata 

— — 

139 

— — 

73 

— 20 

— 

— 9-14 

— 

30  — 

— 

21 

47 

58 


Aphis  gossypii,  27°C,  14L:10D  84 

Aphis  craccivora,  27°C,  14L:10D  84 

Lipaphis  pseudobrassicae,  27°C,  14L:10D  84 

1 7°C  43 

23°C  43 

32°C  43 

Ferrisia  virgata  + Planococcus  minor  29 

Ferrisia  virgata  29 

Phthorimaea  operculella  29 

Pianococcus  minor  29 


49 

62 


Rhopaiosiphum  padi  62 

Aphis  pomi  62 

Psyila  maii  62 

Psyila  aini  62 

Psyila  maii  62 

Rhopaiosiphum  padi  62 

Aphis  pomi  98 

Hyalopterus  pruni  98 

Psyila  alnl  98 

Psyila  maii  98 

Psyila  ulml  98 

Rhopaiosiphum  padi  98 

spring  47 

summer  47 

aphids  102 

Ephestia  kuehnieila  eggs  1 02 

— 108 


(Continued) 
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Table  3.1 

(Continued) 

C 

D 

F 

Prey,  conditions 

Ref. 

Chilocorus 

bipustulatus 

— 

4.2 

529 

Aspidiotus  nerli 

114 

Chilocorus 

nigritus 

— 

3 

— 

Aonidiella  orientalis 

3 

— 

— 

24 

Melanaspis  glomerata 

22 

— 

— 

370 

Aulacaspis  tegalensis 

32 

— 

5 

— 

Aspidiotus  nerii 

36 

— 

— 

57-93 

— 

50 

— 

— 

151 

Pariatoria  blanchardi 

72 

— 

3 

564 

Abgrallaspis  cyanophylli,  20°C 

88 

— 

6 

1361 

Abgrallaspis  cyanophylli,  24°C 

89 

— 

8 

1008 

Abgrallaspis  cyanophylli,  26°C 

88 

— 

6 

872 

Abgrallaspis  cyanophylli,  30°C 

88 

— 

3.5 

432 

Aspidiotus  nerii,  26°C 

88 

— 

— 

81 

Aonidiella  aurantii,  27°C 

50 

— 

— 

86 

DIaspidiotus  perniclosus,  27°C 

50 

— 

— 

93 

Aspidiotus  desctructor,  27°C 

50 

— 

— 

87 

Aulacaspis  tubercularis,  27°C 

50 

— 

— 

72 

Chrysomphalus  aonidum,  27°C 

50 

— 

— 

79 

Hemberlesia  lataniae,  27°C 

50 

— 

— 

71 

Lepidosaphes  cornutus,  27°C 

50 

— 

— 

79 

Melanaspis  glomerata,  27°C 

50 

— 

— 

194 

Aonidiella  aurantii,  26°C 

100 

— 

— 

483 

Aspidiotus  nerii,  26°C 

100 

— 

— 

151 

Pariatoria  blanchardii,  27°C 

72 

— 

— 

292 

Aonidiella  orientalis,  24°C 

3 

— 

— 

57 

Aonidimytilus  albus,  27°C 

3 

— 

— 

121 

Aspidiotus  desctructor,  30°C 

9 

— 

— 

102 

Hemberlesia  lataniae,  30°C 

9 

— 

— 

136 

Melanaspis  glomerata,  30°C 

9 

— 

— 

370+ 

Aulacaspis  tegalensis,  21  °C 

32 

Clitostethus  arcuatus 

— 

— 

181 

Siphoninus  phillyreae 

125 

Clitostethus  oculatus 

— 

3 

— 

Bemisia  tabaci 

64 

— 

0.6 

52 

20°C 

92 

— 

1.0 

81 

26°C 

92 

— 

0.7 

33 

3rc 

92 

Coccinella  leonina  transversalis 

16 

— 

— 

— 

74 

— 

— 

915 

Aphis  craccivora 

80 

— 

21 

1400 

lifetime  mating 

81 

— 

23 

376 

single  mating 

81 

Coccinella  novemnotata 

18 

11.9 

302 

Brevicoryne  brassicae,  25°C 

24 
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Table  3.1  (Continued) 


c 

D 

F 

Prey,  conditions 

Ref. 

Coccinella  septempunctata 
25  18 

15  mg  Acyrthosiphon  pisum  daily 

20 

41 

34 

— 

Acyrthosiphon  pisum  ad  libitum 

20 

17 

12.3 

201 

Brevicoryne  brassicae,  25°C 

24 

34 

— 

— 

in  the  laboratory,  field  collected 

120 

36 

— 

— 

field  observation 

120 

— 

19 

— 

20  Acyrthosiphon  pisum  / day 

26 

— 

32 

— 

30  Acyrthosiphon  pisum  / day 

26 

— 

28  (23-37) 

— 

105  aphids  / day 

30 

— 

7 (3-10) 

— 

50  aphids  / day 

30 

— 

— 

514-719 

aphids 

41 

— 

— 

34-228 

artificial  diets 

41 

— 

— 

283-1182 

aphids,  12-27 mg/day 

46 

— 

— 

0.3-50 

artificial  diet,  4.5-9. 1 mg/day 

46 

— 

— 

1428  (268-2386) 

Acyrthosiphon  pisum,  25°C,  16L:8D 

54 

— 

— 

1286  (218-2291) 

Sitobion  avenae,  25°C,  1 6L:8D 

54 

— 

— 

626  (98-1528) 

Aphis  fabae,  25°C,  16L:8D 

54 

— 

— 

683  (134-1839) 

Aphis  craccivora,  25°C,  16L:8D 

54 

— 

— 

893 

Aphis  spiraephila 

62 

— 

— 

356 

Rhopalosiphum  padi 

62 

— 

— 

759 

Sitobion  avenae 

62 

— 

— 

513 

Schizaphis  graminum 

62 

— 

— 

476 

Aphis  gossypii 

62 

— 

— 

448 

Aphis  pomi 

62 

— 

— 

1061 

Aphis  craccivora 

79 

— 

— 

739 

Aphis  gossypii 

79 

— 

— 

203 

Aphis  nerii 

79 

— 

— 

1764 

Lipaphis  pseudobrassicae 

79 

— 

— 

1199 

Myzus  persicae 

79 

— 

— 

488 

Uroleucon  compositae 

79 

— 

— 

1061 

Aphis  craccivora 

80 

— 

25 

1764 

lifetime  mating 

81 

— 

13 

298 

single  mating 

81 

— 

— 

552 

— 

93 

— 

— 

668 

— 

93 

— 

— 

79-313 

varied  with  parental  age 

105 

— 

— 

705 

melanic  female  + melanic  male 

106 

— 

— 

396 

typical  female  + typical  male 

106 

50 

— 

— 

— 

108 

— 

814 

— 

110 

33-44 

— 

— 

— 

111 

22.4 

287 

Aphis  gossypii,  25°C 

118 

15-84 

718-1485  (max.  1953) 

Tashkent 

119 

— 

27 

— 

seasonal  peak,  alfalfa 

127 

Coccinella  transversoguttata 
— 15 



seasonal  peak,  alfalfa 

127 

Coccinella  trifasciata 
10  — 

108 

(Continued) 
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Table  3.1  (Continued) 


C D 

F 

Prey,  conditions 

Ref. 

Coccinella  undecimpunctata 

21  12.4 

371 

Brevicoryne  brassicae,  25°C 

24 

— max.  40 

85-135 

Palestina 

33 

1-37  max.  89 

451-746 

Egypt 

48 

— — 

742-983 

Aphis  craccivora,  single  mated 

132 

Coelophora  biplagiata 

20  — 

— 

— 

99 

Coelophora  bissellata 

10  — 

— 

— 

74 

Coelophora  inaequalis 

9 — 

— 

— 

74 

Coelophora  saucia 

— 26  (max.  51) 

785 

16L8D 

76 

— 1 6 (max.  40) 

478 

24L0D 

76 

— 1 0 (max.  39) 

311 

8L16D 

76 

— 2-3  (max.  50) 

230-1044 

varied  with  light  colour 

76 

— — 

120 

10s  mating 

83 

— 

310 

1 min  mating 

83 

— 

380 

one  hour  mating 

83 

— — 

393 

Aphis  craccivora,  newly  emerged  female 

126 

— 

1980 

Aphis  craccivora,  20  days  old  female 

126 

— — 

240 

Aphis  craccivora,  60  days  old  female 

126 

— — 

1506 

Aphis  craccivora,  1 mating 

129 

— 

2192 

Aphis  craccivora,  20  matings 

129 

Coleomegllla  maculata 

— 2.6-3.0 

— 

pollen 

23 

— 1 

— 

Leptinotarsa  decemiineata  eggs 

38 

— 4 

— 

Myzus  persicae 

38 

5-7  — 

— 

the  first  clutch 

67 

— 6.2 

— 

pollen  + Ephestia  kuehniella  eggs 

131 

— 6.8 

— 

maize  pollen 

131 

Delphastus  catallnae 

— 34 

— 

— 

103 

Epilachna  vigintisexpunctata 

24-28 

— 

— 

94 

Exochomus  quadripustulatus 

— 2.6 

91 

Acyrthosiphon  pisum 

91 

— 4.3 

173 

Dysaphis  plantaginea 

91 

— 1-16 

139 

12/24°C 

101 

— 1-11 

97 

9/1 9°C 

101 
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Table  3.1  (Continued) 


c 

D 

F 

Prey,  conditions 

Ref. 

Harmonia  axyridis 

5 

257 

Pectinophora  gossypiella  eggs 

1 

— 

13 

— 

single  pair  in  container 

2 

— 

1 .6-8.8 

— 

10-40  females  per  container 

2 

— 

15 

715 

fresh  eggs  of  Sitotroga  cerealella 

2 

— 

13 

607 

frozen  eggs  of  Sitotroga  cerealella 

2 

— 

— 

834 

Aphis  fabae 

6 

— 

— 

1536 

Diuraphis  noxia 

6 

29-32 

— 

— 

Ephestia  eggs 

11 

8-14 

— 

— 

pollen 

11 

29-48 

— 

— 

Acyrthosiphon  pisum 

12 

28-39 

— 

— 

Ephestia  eggs 

12 

27 

— 

— 

— 

21 

28  (5-72) 

— 

— 

Acyrthosiphon  pisum 

27 

— 

— 

751 

Aphis  gossypii,  1 4.5-1 8°C 

39 

— 

— 

164 

artificial  diet 

42 

— 

25 

3819 

Hyperomyzus  carduellinus,  25°C 

44 

— 

14 

945 

Hyperomyzus  carduellinus,  OO^C 

44 

— 

27 

2310 

Myzus  persicae,  25°C 

44 

— 

22 

778 

Myzus  persicae,  30°C 

44 

— 

16 

— 

Aphis  gossypii 

59 

— 

18 

561 

Myzus  persicae,  25°C 

63 

— 

— 

400-800 

6 weeks,  1 8°C 

65 

— 

— 

900-1300 

6 weeks,  24“C 

65 

— 

— 

800-1100 

6 weeks,  30°C 

65 

— 

— 

719 

Acyrthosiphon  pisum,  27°C 

69 

20 

— 

— 

Aphis  spiraecola 

85 

21 

— 

— 

— 

90 

26 

— 

— 

Acyrthosiphon  pisum 

86 

12-52 

20 

1 00-200 

Hyalopterus  pruni 

96 

— 

23 

— 

aphids 

102 

— 

34-41 

— 

Ephestia  kuehniella  eggs 

102 

30 

27  (max.  78) 

1642  (703-2263) 

Aphis  fabae 

107 

23 

— 

— 

alfalfa 

111 

31 

— 

— 

weeds 

111 

47 

19 

— 

Acyrthosiphon  pisum,  22°C,  14L:10D,  30 

115 

39 

_ 

455 

days  period;  mean  of  individual  maxima 
frozen  Ephestia  kuehniella  eggs 

121 

— 

— 

128 

Aphis  glycines  susceptible  soybean 

68 

— 

— 

22 

Aphis  glycines  resistant  soybean 

68 

— 

10.3 

— 

flightless  strain,  36.  generation 

130 

— 

19.3 

— 

control  strain,  36.  generation 

130 

— 

— 

888 

Ephestia  kuehniella  eggs 

136 

— 

— 

823 

Schizaphis  graminum 

136 

Harmonia  yedoensis 
24  — 

401 

frozen  Ephestia  kuehniella  eggs 

121 

(Continued) 
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Table  3.1 

(Continued) 

C 

D 

F 

Prey,  conditions 

Ref. 

Henosepilachna  sumbana 

21-32 

— 

— 

— 

94 

Henosepilachna  vigintioctopunctata 

26 

— 

— 

— 

94 

Hippodamia  convergens 

— 

— 

max.  1550 

— 

47 

19 

— 

— 

— 

116 

— 

— 

589-851 

Aphis  craccivora,  single  mated 

132 

Hippodamia  tredecimpunctata 

10-40 

— 

107-407 

USA 

47 

— 

— 

316 

Aphis  gossypii 

62 

— 

— 

345 

Aphis  spiraephila 

62 

— 

— 

158 

Brevicorine  brasicae 

62 

— 

— 

452 

Schizaphis  graminum 

62 

— 

— 

327-504 

Sitobion  avenae 

62 

Hippodamia  variegata 

19 

10.6 

276 

Brevicoryne  brassicae,  25°C 

24 

— 

21 

842 

Myzus  persicae,  25°C 

63 

20 

— 

— 

— 

108 

11-20 

— 

960  (789-1256) 

Dysaphis  crataegi,  25°C,  1 6L:  8D 

61 

Megalocaria  dilatata 

2x14 

— 

— 

— 

47 

Menochilus  sexmaculatus 

— 

— 

861 

multiple  mating 

13 

— 

— 

70 

single  mating 

13 

— 

44  (peak) 

— 

after  10  matings 

75 

— 

55  (peak) 

— 

after  20  matings 

75 

— 

55  (peak) 

— 

after  5 matings 

75 

— 

— 

1998 

Aphis  craccivora 

80 

— 

32 

1898 

lifetime  mating 

81 

— 

24 

1268 

single  mating 

81 

— 

16-27 

92-275 

old  females 

82 

— 

16-33 

214-555 

old  males 

82 

— 

4-6 

43-64 

senescent  males 

82 

— 

22-30 

767-1318 

young  females 

82 

— 

23-30 

1118-1464 

young  males 

82 

— 

— 

110 

1 min  mating 

83 

— 

— 

40 

10s  mating 

83 

— 

— 

620 

one  hour  mating 

83 

— 

17.2 

— 

Aphis  craccivora,  15L:9D,  18°C 

109 

— 

9.9 

— 

Aphis  gossypii,  1 5L:9D,  1 8°C 

109 

— 

— 

max.  2388 

— 

47 

12 

— 

— 

— 

74 

Micraspis  discolor 

— 

— 

385 

20“C 

77 

— 

— 

563 

25“C 

77 

— 

— 

750 

27“C 

77 

— 

— 

622 

30“C 

77 
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C D 

F 

Prey,  conditions 

Ref. 

Nephus  reunion! 

— 2.6  (max.) 

177 

Planococcus  citri,  25°C 

134 

Nephus  includens 

— — 

151 

— 

135 

Oenopia  conglobate 

5 — 

— 

— 

21 

8-15  — 

— 

— 

47 

— — 

439 

Aphis  spiraephila 

62 

— — 

643 

Rhopalosiphum  pad! 

62 

— 

327 

Aphis  pomi 

62 

— 

349-453 

Central  Asia 

119 

Oenopia  lyncea 

— 

40 

— 

117 

Olla  v-nigrum 

27  — 

— 

— 

108 

17  5.7 

72 

Acyrthosiphon  pisum,  15°C,  12L:12D 

137 

13  8.1 

200 

Acyrthosiphon  pisum,  20°C,  12L:12D 

137 

13  12.4 

269 

Acyrthosiphon  pisum,  25°C,  12L:12D 

137 

14  6.4 

329 

Acyrthosiphon  pisum,  20°C,  1 8L:6D 

137 

Propylea  dissecta 

— 

150 

interference  with  4 femaies 

71 

— — 

336 

singie  femaie 

71 

— 37  (peak) 

— 

after  1 0 matings 

75 

— 1 9 (peak) 

— 

after  20  matings 

75 

— 33  (peak) 

— 

after  5 matings 

75 

— — 

278-710 

1 to  muitipie  matings 

78 

— 

942 

Aphis  craccivora 

80 

— — 

867 

20  day  oid  femaies  after  singie  mating 

87 

Propylea  japonica 



644 

— 

47 

7-9  — 

— 

— 

56 

Propylea  quatuordecimpunctata 

1-24  20  (max.  65) 

1308  (max.  1800) 

Engiand,  laboratory 

47 

10  — 

field  collected  in  iaboratory 

120 

6.4  — 

fieid 

120 

— — 

386 

Myzus  persicae  on  Bt  potatoes 

55 

— — 

345 

Myzus  persicae  on  non-Bt  potatoes 

55 

— 

278 

Aphis  craccivora 

55 



431 

Aphis  craccivora  + Myzus  persicae  on  Bt 
potatoes 

55 

— 

119 

Aphis  gossypii 

62 

— 

351 

Sitobion  avenae 

62 

— — 

211 

Aphis  spiraephila 

62 

12  — 

— 

— 

108 
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Table  3.1  (Continued) 

CDF  Prey,  conditions  Ref. 


Propyiea  quatuordecimpunctata  x Propylea  japonica 

— — 

149 

Psyilobora  confiuens 
— 17 

440 

Sasajiscymnus  tsugae 
— 2.9 

280  (max.  513) 

Scymnus  frontalis 

— — 

151 

— 7.3 

— 

Scymnus  hoffmanni 

— — 

127 

Scymnus  interruptus 

— — 

88 

— — 

402 

Scymnus  levaillanti 
— 4.9 

428 

— 5.9 

456 

— 8.3 

393 

— 2.6 

83 

Scymnus  louisianae 

— — 

122 

Scymnus  marginicollis 

— — 

75 

Scymnus  marinus 

— — 1.7 

— — 602 


— 

47 

Erysiphe  cichoracearum 

18 

Adelges  tsugae,  25°C 

45 

22°C 

31 

Diuraphis  noxia,  26°C 

73 

25“C 

57 

20“C 

133 

24“C 

133 

20“C 

113 

25“C 

113 

30°C 

113 

35“C 

113 

Aphis  glycines,  23°C,  15:9  L:D 

16 

20-25X 

17 

15“C 

70 

30“C 

70 

Scymnus  sinuanodulus 

— 2.5  130  (max.  200)  66 

Scymnus  subvillosus 

— — 99  Hyalopterus  pmni,  5 aphids,  per  day  7 

— — 232  Hyalopterus  pruni,  80  aphids  per  day  7 


Scymnus  syriacus 

— — 588  Aphis  spiraecola  on  Citrus  sinensis  1 04 

— — 658  Aphis  spiraecola  on  Spirea  sp.  1 04 


Serangium  parcesetosum 
— — 28 


Trialeurodes  vaporariorum 


5 


Serangium  japonicum 
— — 387 


Bemisia  tabaci,  20°C 


124 


Stethorus  bifidus 
— 1 

— 2 

— 6 


2-33 

24-67 

308-438 


10  mites  / day 
20  mites  / day 
50  mites  / day 


19 

19 

19 
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C D 

F 

Prey,  conditions 

Ref. 

Stethorus  gilvifrons 

— 4.4 

149 

Oligonychus  coffeae 

123 

Stethorus  japonicus 

— 8.1 

— 

Amphitetranychus  viennensis,  27°C: 
16L8D 

60 

— 5.4 

— 

Panonychus  mori,  27°C:  1 6L:8D 

60 

— 7.1 

— 

Tetranychus  urticae,  27°C:  16L:8D 

60 

Stethorus  pussilus 

— 

54-60 

— 

4 

— 

122 

Bt-maize 

128 

— — 

111 

non-Bt-maize 

128 

Subcoccinella  vigintiquatuorpunctata 

— 

200-300 

— 

112 

Synonycha  grandis 

3-60  — 

360 

— 

47 

1,  Abdel-Salam  et  al.  1997;  2,  Abdel-Salam  and  Abdel-Baky  2001;  3,  Ahmad  1970;  4,  Alvarez-Alfageme  et  al.  2008;  5, 
Al-Zyoud  et  al.  2005;  6,  Anonymous  1997;  7,  Atlihan  and  Guldal  2009;  8,  Banks  1955,  1956;  9,  Baskaran  and  Suresh 
2006;  10,  Baungaard  and  Hamalainen  1981;  11,  Berkvens  et  al.,  2008a;  12,  Berkvens  et  al.,  2008b;  13,  Bind  2007;  14, 
Blackman  1965;  15,  Blackman  1967;  16,  Brown  et  al.  2003;  17,  Buntin  and  Tamaki  1980;  18,  Cividanes  et  al.  2007;  19, 
Collyer  1964;  20,  Dixon  and  Guo  1993;  21,  Dobzhansky  1924;  22,  Dorge  et  al.  1972;  23,  Duan  et  al.  2002;  24,  EIHag 
and  Zaitoon  1996;  25,  Ellingsen  1969;  26,  Evans  et  al.  2004;  27,  Fois  and  Nedved,  unpublished;  28,  Francis  et  al.  2001; 
29,  Gautam  1990;  30,  Ghanim  et  al.  1984;  31,  Gibson  et  al.  1992;  32,  Greathead  and  Pope  1977;  33,  Flafez  in  lablokoff- 
Khnzorian  1982;  34,  Flamalainen  and  Markkula  1977;  35,  Hariri  1966;  36,  Hattingh  and  Samways  1994;  37,  Hawkes 
1920;  38,  Hazzard  and  Ferro  1991;  39,  He  et  al.  1994;  40,  Hemptinne  et  al.  1992;  41,  Hodek  1996a;  42,  Hong  and  Park 
1996;  43,  Huang  et  al.  2008;  44,  Hukushima  and  Kamel  1970;  45,  Cheah  and  McClure  1998;  46,  Chen  et  al.  1980;  47, 
labiokoff-Khnzorian  1982;  48,  Ibrahim  1955;  49,  Iwata  1932;  50,  Jalali  and  Singh  1989;  51,  Jalali  et  al.  2009;  52,  Kalush- 
kov  1994;  53,  Kalushkov  1998;  54,  Kalushkov  and  Hodek  2004;  55,  Kalushkov  and  Hodek  2005;  56,  Kawauchi  1981; 
57,  Kawauchi  1985;  58,  Kesten  1969;  59,  Kim  and  Choi  (1985);  60,  Kishimoto  2003;  61,  Kontodimas  and  Stathas  2005; 
62,  Kuznetsov  1975;  63,  Lanzoni  et  al.  2004;  64,  Liu  et  al.  1997;  65,  Lombaert  et  al.  2008;  66,  Lu  and  Montgomery 
2001 ; 67,  Lundgren  and  Wiedenmann  2002;  68,  Lundgren  et  al.  2009;  69,  McClure  (1987);  70,  M’Hamed  and  Chemsed- 
dine  2001;  71,  Mishra  and  Omkar  2006;  72,  Muralidharan  1994;  73,  Naranjo  et  al.  1990;  74,  Ng  1986;  75,  Omkar  and 
Mishra  2005b;  76,  Omkar  and  Pathak  2006;  77,  Omkar  and  Pervez  2002;  78,  Omkar  and  Pervez  2005;  79,  Omkar  and 
Srivastava  2003;  80,  Omkar  et  al.  2005a;  81 , Omkar  et  al.  2005b;  82,  Omkar  et  al.  2006b;  83,  Omkar  et  al.  2006a;  84, 
Omkar  et  al.  2009;  85,  Osawa  2005;  86,  Perry  and  Roitberg  2005;  87,  Pervez  et  al.  2004;  88,  Ponsonby  2009;  89, 
Ponsonby  and  Copland  1998;  90,  Prevolsek  and  Williams  2006;  91,  Radwan  and  Love!  1983;  92,  Ren  et  al.  2002;  93, 
Rhamhalinghan  1986;  94,  Richards  and  Filewood  1988;  95,  Savoiskaya  1965;  96,  Savoiskaya  1970;  97,  Semyanov  1970; 
98,  Semyanov  1980;  99,  Semyanov  and  Bereznaya  1988;  100,  Senal  2006;  101,  Sengonca  and  Arnold  2003;  102, 
Schanderl  et  al.  1988;  103,  Simmons  et  al.  2008;  104,  Soroushmehr  et  al.  2008;  105,  Srivastava  and  Omkar  2004;  106, 
Srivastava  and  Omkar  2005;  107,  Stathas  et  al.  2001;  108,  Stewart  et  al.  1991b;  109,  Sugiura  and  Takada  1998;  110, 
Sundby  1968;  111,  Takahashi  1987;  112,  Tanasijevic  1958;  113,  Uygun  and  Atlihan  2000;  114,  Uygun  and  Elekcioglu 
1998;  115,  Ware  et  al.  2008;  116,  Williams  1945;  117,  Witsack  1971;  118,  Xia  et  al.  1999;  119,  Yakhontov  1958;  120 
Honek  et  al.  2008;  121,  Osawa  and  Ohashi  2008,  122,  Bonte  et  al.  2010,  123,  Perumalsamy  et  al.  2010,  124,  Yao 
et  al.  2010,  125,  Tavadjoh  et  al.  2010,  126,  Omkar  et  al.  2010b,  127,  Kajita  and  Evans  2010,  128,  Li  and  Romeis  2010, 
129,  Omkar  et  al.  2010a,  130,  Seko  and  Miura  2009,  131,  Pilorget  et  al.  2010,  132,  El-Heneidy  et  al.  2008,  133,  Tawfik 
et  al  1973, 134,  Izhevsky  and  Orlinsky  1988,  135,  Transfaglia  and  Viggiani  1972, 136,  dos  Santo  et  al.  2009,  137,  Kreiter 
1985. 


68  O.  Nedved  and  A.  Honek 


in  India  was  8.9  eggs,  while  the  same  in  typical  morphs 
was  14.34  (Rhamhalinghan  1999). 


3.2.4  Hatching  rate 

The  percentage  of  eggs  in  a cluster  that  develop  fully 
and  from  which  larvae  eventually  hatch  is  called 
hatching  rate,  egg  viability,  or  percentage  fertility 
(100-progeny  loss).  It  is  often  substantially  less  than 
100%.  The  hatching  rate  differentiates  fecundity 
(number  of  eggs  per  female)  from  fertility  (number  of 
viable  progeny  per  female). 

Some  eggs  are  non-fertile  due  to  low  sperm  volume 
and  quality.  Other  eggs  are  fertilized  but  do  not 
develop  or  fail  to  hatch  due  to  infection  by  various 
bacteria.  In  most  species  of  invertebrates,  male- 
killing occurs  during  embryonic  stages  (early  male- 
killing) and  is  associated  with  cytoplasmic  bacteria, 
including  Wolhachia,  Spiroplasma.  Rickettsia,  Flavohacte- 
rium  and  gamma  proteobacteria  (Nakanishi  et  al. 
2008:  Chapter  8).  These  bacteria  kill  only,  or  mostly, 
male  embryos,  giving  a hatching  rate  close  to  50%.  The 
female  larvae  of  ladybirds,  especially  Coccinellinae,  i.e. 
the  sisters  of  the  killed  males,  have  a nutritive  advan- 
tage over  the  females  from  uninfected  clusters,  because 
they  cannibalize  those  undeveloped  'male'  eggs 
(Majerus  1994). 

Most  authors  do  not  discriminate  between  ‘non- 
fertile’  and  ‘non-developing’  eggs  and  record  the  pro- 
portion of  hatched  eggs.  Under  optimal  conditions  this 
is  high:  100%  eggs  of  C.  septempunctata  and  C.  leonina 
tmnsversalis  fed  with  Lipaphis  pseudobrassicae,  Myzus 
persicae  or  Aphis  nerii  hatched  (Gupta  et  al.  2006). 
There  were  6%  unhatched  eggs  in  P.  quatuordecimpimc- 
tata  in  England  in  the  field  (Banks  1956).  They  were 
consumed  by  newly  born  larvae.  Laboratory  progeny 
loss  ranged  from  5%  in  C.  leonina  tmnsversalis,  6%  in 
P.  dissecta,  through  10%  in  Menochilus  sexmacidatus 
to  25%  in  C.  septempunctata  (Omkar  et  al.  2005)  when 
the  ladybirds  were  reared  on  a suboptimal  prey, 
Aphis  craccivora.  In  A.  hipunctata  fed  with  optimal 
prey,  Myzus  persicae,  the  hatching  rate  was  89%,  asso- 
ciated with  high  fecundity  (676  eggs  per  female), 
while  both  measures  decreased  on  a suboptimal  prey. 
Aphis  fahae  (56%,  250  eggs:  Blackman  1965).  The 
decrease  of  hatching  rate  of  C.  septempunctata  among 
six  prey  species  was  clearly  correlated  with  a decrease 


of  lifetime  fecundity  (Fig.  3.2:  Omkar  & Srivastava 
2003). 

Hatching  rate  varied  with  temperature  in  Har. 
axyridis.  Between  18  and  24°C,  the  rate  was  65-90%. 
At  30°C,  it  decreased  to  30-65%  (Lombaert  et  al. 

2008) .  The  highest  temperature,  30°C,  was  lethal  for 
most  eggs  of  a population  from  the  Czech  Republic, 
regardless  of  humidity  (0.  Nedved,  unpublished).  In 
Micraspis  discolor  in  India,  the  egg  hatch  rate  was 
lowest  (65%)  at  the  lowest  experimental  temperature 
(20°C),  highest  (95%)  at  optimum  temperature  (2  7°C), 
and  decreased  (83%)  at  the  highest  temperature  (30°C) 
(Omkar  & Pervez  2002). 

High  humidity  is  favourable  for  embryonic  develop- 
ment and  larval  hatching:  99%  of  the  eggs  of  Delphas- 
tus  catalinae  hatched  at  85%  RH,  while  85%  hatched  at 
25%  RH  (.Simmons  et  al.  2008). 

There  was  no  consistent  difference  in  the  hatching 
rate  of  Har.  axyridis  at  long  (16L:8D)  and  short 
(12L:12D)  photoperiods  (Berkvens  et  al.  2008b). 
Wild  populations  hatched  better  than  the  laboratory 
strain.  Nor  in  Coelophora  saucia  was  the  hatching 
rate  very  different  (92-97%)  under  different  photope- 
riods or  under  continuous  light  (Omkar  & Pathak 
2006). 

Hatching  rate  was  high  (76-90%)  when  the  eggs  of 
Menochilus  sexmacidatus  were  fertilized  by  young  males 
(4-50  days),  and  low  (12-25%)  when  fertilized  by  old 
males  (60-110  days)  (Omkar  et  al.  2006b).  A similar 
pattern  was  found  in  C.  septempunctata  (Srivastava  & 
Omkar  2004).  Hatching  rate  of  A.  hipunctata  remained 
high  (80-90%)  for  1 or  2 months  old  males  and  then 
decreased  to  20-30%  (Jalali  et  al.  2009a)  and  that  of 
Anegleis  cardoni  increased  from  almost  zero  to  more 
than  80%  at  a female  age  of  2 weeks  (Omkar  et  al. 

2009) . 

Multiple  matings  enhanced  the  total  egg  output 
and  the  percentage  of  hatching  (Kesten  1969,  Semy- 
anov  1970,  Omkar  & Pervez  2005,  Bind  2007).  Hatch- 
ing rate  gradually  decreased  to  50%  after  the  female  of 
P.  dissecta  has  been  separated  from  the  male  (Omkar  & 
Mishra  2005).  However,  the  hatching  rate  was  high 
in  Menochilus  sexmaculatus,  C.  septempunctata  and  C. 
leonina  transversalis  even  when  females  mated  only 
once  (Omkar  et  al.  2005b).  The  level  of  crowding  had 
a small  detrimental  effect  on  egg  viability  of  P.  dissecta 
(Mishra  & Omkar  2006). 

To  describe  hatching  synchrony  in  individual 
species,  three  indices  have  been  proposed  (Perry  & 
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Figure  3.2  Relationship  between  average  egg  hatching  rate  (%)  and  lifetime  female  fecundity  (eggs).  The  parallel  increase  in 
both  parameters  in  Coccinella  septempunctata  (dots,  lower  line)  was  recorded  simultaneously  when  six  prey  species  were  offered 
(after  Omkar  & Srivastava  2003).  The  increase  in  Coelophora  sauda  (diamonds,  upper  line)  was  recorded  at  (from  the  left)  red, 
blue,  yellow,  and  white  light  (after  Omkar  & Pathak  2006).  Trend  lines  plotted  as  power  functions. 


Roitberg  2005):  (i)  total  hatch  time,  related  to  batch 
size:  (ii)  the  average  interval  between  two  sequential 
hatching  larvae;  (iii)  the  proportion  of  eggs  per  cluster, 
weighted  by  cluster  size,  that  are  vulnerable  to  sibling 
cannibalism  by  hatching  later  than  the  quiescent 
period  of  the  first  larva  (141  min).  The  total  duration 
of  hatching  of  the  first  instar  larva  from  an  egg  lasted 
1 to  3.5  hours  in  Har.  axyridis,  and  the  total  hatch  time 
of  the  whole  cluster  (i)  ranged  from  61  to  203  minutes 
(Perry  & Roitberg  2005).  Hatching  was  synchronized 
within  a cluster:  the  interval  between  hatching  of  suc- 
cessive larvae  (ii)  was  7-1 5 minutes.  The  proportion  of 
eggs  which  showed  a delayed  hatch  (iii)  ranged  from  0 
to  7%. 

The  mean  duration  of  hatching  of  larvae  within  the 
same  batch  (i)  ranged  between  1.01  hours  in  Coelo- 
phora inaequalis  and  1.36  hours  in  C.  leonina  transver- 
salis  (Ng  1986).  There  were  45%  (Coelophora  inaequalis) 
to  83%  (C.  leonina  transversalis)  egg  clusters  which  took 
longer  to  hatch  than  the  duration  between  emergence 
of  a larva  and  its  cannibalization  of  eggs  (a  similar 
measure  to  (iii)). 

Although  hatching  of  ladybird  larvae  often  occurs 
in  daytime,  most  egg  clusters  (73%)  of  P.  dissecta 


hatched  during  the  night  (Mishra  & Omkar  2004; 
Fig.  3.3). 

3.2.5  Trophic  eggs 

Apart  from  viable  hatching  eggs , ladybirds  also  produce 
non-hatching  eggs,  which  may  be  either  infertile  (not 
fertilized  by  sperm)  or  non-viable,  where  an  embryo 
develops  for  some  time  but  the  larva  does  not  emerge 
from  the  egg  capsule.  Non-hatching  eggs  are  some- 
times considered  as  trophic  eggs  that  serve  as  the  first 
food  for  the  newly  born  sibling  larvae.  Egg  cannibal- 
ism (5.2,  Chapter  8)  is  undoubtedly  advantageous  to 
A.  hipunctata  larvae  both  in  terms  of  faster  develop- 
ment and  increased  survival  (Roy  et  al.  2007).  Perry 
and  Roitberg  (2005)  showed  that  laying  infertile  eggs 
is  also  an  active  part  of  the  maternal  strategy  in  Har. 
axyridis.  Females  produced  56%  more  infertile  eggs  (23 
versus  15%  of  the  cluster)  in  low  versus  high  food 
treatments:  they  manipulated  the  proportion  of  trophic 
eggs  in  favour  of  young  first  instar  larvae  that  might 
have  problems  in  finding  essential  prey  (aphids).  The 
oviposition  sequence  of  infertile  eggs  within  a cluster 
did  not  differ  from  random. 
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Figure  3.3  Circadian  rhytmicity  in  life  events  of  aphidophagous  ladybird  beetles  (Coccinellini)  in  India.  Dashed  line  and  solid 
circles.  Menochilus  sexmaculatus  (Omkar  & Singh  2007);  dotted  line  and  open  circles,  Propylea  dissecta  (Mishra  & Omkar  2004); 
dotted  line  and  diagonal  crosses.  Coccindla  septempunctata-.  dotted  line  and  straight  crosses;  Coccinella  transversalis-,  dotted  line 
and  triangles,  Propylea  dissecta  (all  three  Omkar  et  al.  2004).  Photophase;  0-12  h,  scotophase;  12-24h.  All  values  are 
expressed  in  relative  incidence,  mean  is  100%.  Mating  occurs  more  frequently  around  sunrise  and  around  sunset;  oviposition 
take  place  mainly  during  scotophase  with  two  peaks  (beginning  and  late  scotophase);  hatching  from  eggs  occurs  mainly 
during  the  second  half  of  scotophase;  larval  moulting  is  more  regularly  distributed,  with  slight  prevalence  in  scotophase; 
pupation  occurs  mainly  during  early  or  mid  scotophase;  adult  emergence  take  place  either  during  morning  or  during  the 
second  half  of  scotophase. 
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3.3  LARVA 

3.3.1  Larval  morphology 

Larvae  of  most  coccinellid  tribes  have  an  elongate 
body  (Coccinellinae,  Scymnini).  It  is  ellipsoidal  in  the 
Hyperaspidini  and  Noviini  and  hemispherical  in  the 
Platynaspidini.  The  pronotum  has  two  or  four  sclero- 
tized  plates  (six  in  Tetrabrachys;  Klausnitzer  1969a). 
The  meso-  and  metanotum  each  have  two  plates, 
but  in  the  Scymninae  they  are  weakly  developed  or 
absent.  The  first  eight  abdominal  segments  bear  six 
rows  of  characteristic  structures  as  dorsal,  dorsola- 
teral and  lateral  pairs.  These  structures  are  well  devel- 
oped in  the  third  and  fourth  instars  and  differ  according 
to  their  shape,  with  seven  types:  seta,  chalaza,  tuber- 
cule,  struma,  parascolus,  sentus  and  scolus  (Gage 
1920).  These  structures  are  important  in  taxonomy 
and  identification.  Larvae  of  Hyperaspidini  and  Platy- 
naspidini are  covered  by  chalazae  and  setae,  the 
Scymnini  and  Noviini  have  tubercules,  the  Psyllo- 
borini  and  Tytthaspidini  strumae,  the  Chilocorini 
senti  and  the  Epilachninae  scoli.  Genera  of  Coccinellini 
have  variable  structures  (Savoiskaya  & Klausnitzer 
1973).  The  more  elaborate  structures  have  a defensive 
role. 

Larvae  of  most  Scymninae,  Telsimiini  and  Azyini 
(including  Cryptolaemus)  are  covered  with  a white 
waxy  exudation  (filaments)  as  a defensive  adaptation 
(Liere  & Perfect  2008).  Many  larvae  exhibit  defensive 
reflex  bleeding  similar  to  that  of  adults,  but  the  droplets 
exude  from  specific  sutures  or  structures  on  the 
abdomen  or  thorax.  Larvae  of  Scynvms  sinuanodulus 
exhibit  reflex  bleeding  of  orange  viscous  droplets  from 
thoracic  tubercles  (Lu  et  al.  2002).  Larvae  of  third  and 
fourth  instars,  namely  of  Coccinellinae,  are  brightly 
coloured. 

The  mandibles  of  larvae  in  the  Hyperaspiidini. 
Platynaspidini.  Stethorini.  Scymnini  and  Exochomus 
have  an  apex  ending  with  a single  point;  they  have  two 
apical  teeth  in  the  Coccinellini,  Noviini  and  also  in  the 
larvae  of  Chilocorus.  though  in  this  genus  the  adults 
possess  a mandible  terminating  in  only  a single  point. 
In  the  phytophagous  Epilachninae,  mandibles  are 
equipped  with  four  or  five  large  teeth.  There  is  a row  of 
smaller  teeth  or  thick  setae  in  the  mycophagous  Psyl- 
loborini  and  Tytthaspidini  (Savoiskaya  & Klausnitzer 
1973).  The  larvae  of  Scymnus  levaillanti,  which  employ 
pre-oral  digestion,  were  more  efficient  in  converting 
food  to  body  mass  than  larvae  of  Cycloneda  sanguinea, 


which  use  chewing  and  sucking  (Isikber  & Copland 
2001). 

The  legs  are  elongate  in  the  Epilachninae  and 
Coccinellinae,  but  shorter  in  the  Scymninae.  The 
antennae  are  very  short,  1-3  segmented;  the  first 
segment  is  short  and  wide  (Savoiskaya  & Klausnitzer 
1973). 

3.3.2  Instars 

The  individual  substages  during  larval  development 
separated  by  moulting  (ecdysis)  are  called  instars.  The 
number  of  instars  in  the  whole  family  is  almost  always 
four,  independent  of  the  species  size,  developmental 
conditions,  etc.  The  constant  and  same  number  of 
instars  in  both  aphidophagous  and  coccidophagous 
ladybirds,  otherwise  strongly  different  in  many  life 
history  characteristics,  was  considered  surprising  by 
Dixon  (2000).  East  development,  typical  and  adaptive 
for  aphidophagous  Coccinellinae,  would  be  better 
achieved  by  fewer  instars,  but  their  number  seems  to 
be  phylogenetically  constrained. 

The  last,  fourth,  instar  eventually  stops  feeding  and 
attaches  to  a substrate,  forming  the  so-called  prepupa. 
This  pseudostage  has  sometimes  been  erroneously 
referred  to  as  a fifth  instar  (Smith  et  al.  1999).  Three 
instars  were  surprisingly  reported  in  the  coccidopha- 
gous Hypemspis  campestris  (McKenzie  1932)  and  in  an 
Egyptian  population  of  C.  undecimpimctata  (while  Euro- 
pean populations  of  this  species  have  four  (lablokoff- 
Khnzorian  1982)).  Eour  larval  instars  were  usually 
observed  in  Clitostethus  oculatus,  although  a significant 
proportion  of  third  instar  larvae  moulted  directly  to 
the  pupal  stage  at  29°C  or  above  (Ren  et  al.  2002).  For 
these  latter  individuals,  the  third  larval  instar  was  pro- 
longed to  almost  the  length  of  the  combined  third  and 
fourth  instars  of  ‘normal’  beetles  (6.1  days  versus  6.3 
days  at  29°C,  3.4  days  versus  4.9  days  at  31°C  and  4.7 
days  versus  5.0  days  at  33°C). 

However,  a true  higher  number  of  instars,  five,  was 
reported  for  Callicaria  superba  (Iwata  1932),  a large 
ladybird  (12  mm)  which  feeds  on  Sternorrhyncha, 
Auchenorrhyncha  and  chrysomelid  larvae.  There  is 
also  a report  of  five  larval  instars  in  Chil.  nigritus  (Eit- 
zgerald  1953,  Chazeau  1981),  a species  feeding  on 
coccids,  aphids  and  whitefiies  (Omkar  & Pervez  2003). 
A small  proportion  of  larvae  of  Col.  maculata  (Warren 
& Tadic  1967)  and  Chil.  bipustulatus  (Yinon  1969) 
went  through  five  instars  in  the  laboratory. 
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Stage 

Figure  3.4.  Stage  specific  mortality  (fc-values  = logiofl,  - logiofl^i,  where  is  the  initial  number  of  individuals  and  «,+iis  the 
number  of  individuals  surviving  to  the  next  stage)  of  Propylea  dissecta.  Average  for  five  generations  reared  on  five  different 
aphid  species.  The  first  instar  and  eggs  are  most  vulnerable  to  death,  prepupa  is  the  most  resistant  ‘stage’  (after  Omkar  & 
Pervez  2004). 


A fifth  larval  Instar  occurred  in  33%  of  the  individu- 
als of  a Canadian  population  of  the  large  invasive 
aphidophagous  Hai:  axyridis.  This  extra  instar  had  the 
same  developmental  time  as  ordinary  fourth  instars, 
but  showed  increased  voracity  and  weight  gain  com- 
pared to  the  fourth  larval  instar,  suggesting  an 
increased  fitness  of  those  individuals  and  contributing 
to  the  invasiveness  of  the  species  (Labrie  et  al.  2006). 
A fifth  instar  was  found  to  occur  rarely  also  in  Euro- 
pean population  of  Har.  axyridis  at  20°C  with  an  excess 
of  food.  Only  females  developed  from  these  larvae 
(Ungerova,  unpublished). 

Moulting  between  instars  occurs  at  any  time  of  day, 
although  in  P.  dissecta  61-77%  of  larvae  moulted 
during  the  scotophase  (Mishra  & Omkar  2004). 

During  pre-adult  development,  mortality  is  highest 
in  the  first  instar,  possibly  higher  than  in  eggs,  is  least 
in  prepupae  and  increases  somewhat  during  the  pupal 
stage  (Fig.  3.4;  Omkar  & Pervez  2004b). 

3.3.3  Development 

The  duration  of  larval  development  is  species  specific 
and  strongly  dependent  on  the  ambient  temperature 


(3.6),  and  also  on  the  quality  and  quantity  of  food 
(5.2). 

Larval  development  of  coccinellids  is  direct  with  no 
diapause.  An  exception  is  the  fourth  instar  of  the  phy- 
tophagous Epilachna  admirahilis  which  is  sensitive  to 
photoperiod  (Takeuchi  et  al.  1999).  The  fourth  instar 
larvae  of  Scymnus  abietis  have  been  observed  very  early 
in  the  spring,  suggesting  that  they  overwinter  in  this 
stage  (Nedved  & Kovaf,  unpublished). 

In  well-fed  larvae,  the  first  instar  takes  about  24%  of 
the  total  developmental  time,  the  second  17%,  the 
third  19%  and  the  fourth  40%  (Honek  1996).  There 
was  higher  variation  in  these  percentages  in  A.  hipunc- 
tata  (Obrycki  & Tauber  1981)  than  in  Col.  maculata 
(Wright  & Laing  1978).  Even  when  the  prepupa  (8- 
11%)  is  not  included,  the  last  instar  is  always  longer 
than  any  of  the  others. 

Immune  responses  to  microbial  infection  may  cause 
developmental  delay.  The  mean  larval  duration  of 
Serangium  parcesetosum  was  longest  (22.5  days)  when 
sprayed  with  medium  and  high  dosages  of  Beauveria 
hassiana.  intermediate  (20  days)  with  a low  dosage  of 
B.  hassiana,  and  lowest  (18  days)  for  the  blank  control 
and  the  Paecilomyces  fumosoroseus  treatments  (Popraw- 
ski  et  al.  1998).  B.  hassiana  strain  ATCC  44860 
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increased  the  development  time  of  Col.  inacidata  fed 
with  Colorado  potato  beetle  larvae,  whereas  the  strain 
ARSEF  2991  reduced  the  development  time  (Todorova 
et  al.  1996). 

Development  of  phytophagous  species  may  depend 
not  only  on  the  quality  but  also  on  the  surface  struc- 
ture of  the  host  plant.  Larvae  of  the  Mexican  bean 
beetle,  Epilachna  varivestis,  completed  the  first  instar 
most  quickly  on  pubescent  soybean  plants,  whereas 
the  duration  of  the  third  instar  was  shortest  on  gla- 
brous plants.  Larval  mortality  was  2.5-5  times  greater 
on  a densely  pubescent  isoline  than  on  glabrous  and 
normal  soybean  isolines  (Gannon  & Bach  1996). 

The  duration  of  pre-imaginal  development  differed 
among  several  isofemale  lines  (progeny  of  individual 
females,  from  several  egg  batches)  of  field-collected 
Hip.  convergens,  the  values  ranging  from  223  to  273 
degree  days  above  the  lower  temperature  threshold 
(Rodriguez-Saona  & Miller  1999).  Accordingly  it  is  rec- 
ommended that  experiments  on  the  effects  of  environ- 
mental factors  on  coccinellids  should  be  (i)  conducted 
with  siblings  (the  progeny  of  one  female)  distributed 
into  all  treatments  and  (ii)  repeated  with  the  progeny 
of  several  unrelated  females. 

The  duration  of  larval  development  further  depends 
on  population  density.  In  Chil.  hipustulatus,  duration 
of  development  increased  at  higher  density  (Fomenko 
1970).  Rearing  P.  dissecta  larvae  at  a moderate  density 
of  four  larvae  in  a half  litre  beaker  shortened  develop- 
mental time  and  increased  immature  survival  when 
compared  with  both  single  larvae  and  higher  densities 
of  larvae  (Omkar  & Pathak  2009).  Mean  developmen- 
tal time  of  Har.  axyridis  in  small  { 7 cm)  Petri  dishes  was 

13.7  days:  in  15cm  Petri  dishes  it  was  11.5  days;  and 

11.7  days  in  0.51  jars  (Ungerova  et  al.  2010). 

The  effect  of  diverse  environmental  conditions  on 
development  may  be  mediated  through  the  quality  of 
prey.  Duration  of  larval  development  of  P.  japonka  was 
significantly  longer  if  fed  Aphis  gossypii  from  cotton 
grown  at  elevated  than  at  normal  CO2  concentrations 
(Gao  et  al.  2008). 

3.3.4  Body  size 

When  fed  ad  libitum,  the  body  mass  increases  exponen- 
tially with  the  age  of  the  larva,  peaking  in  the  late  last 
instar  larva.  Due  to  the  cessation  of  further  weight 
gain  at  the  end  of  the  last  larval  instar  (Ng  1991)  the 
function  of  weight  increase  is  sigmoid  (Fig.  3.5). 


Weight  increases  again  in  adults  once  they  start  to  feed 
after  emergence  (Omkar  et  al.  2005a).  The  size  of 
cuticular  structures  of  successive  instars  increases  in 
constant  proportions.  Weight  increases  exponentially, 
e.g.  in  A.  hipunctata  it  is  0.04,  0.17,  0.52,  1.51  and 
4.85  mg  at  the  beginning  of  the  first,  second,  third  and 
fourth  instar  and  prepupa,  respectively  (Jalali  et  al. 
2009b). 

The  final  size  of  the  ladybird  is  largely  determined 
during  the  fourth  instar  (Honek  1996).  For  compara- 
tive purposes,  the  mean  relative  growth  rate  (RGR) 
may  be  calculated  as  RGR  = dry  weight  gained  during 
the  feeding  period/  (length  of  feeding  period  in  days  • 
mean  dry  weight  of  predator  during  feeding  period) 
(Waldbauer  1964).  RGR  values  in  A.  hipunctata 
fed  with  Myzus  persicae  were  0.45,  0.70,  0.55  and 
0.35  per  day  in  the  successive  instars  (Jalali  et  al. 
2009b). 

The  relative  food  consumption  of  different  larval 
instars  is  compared  in  5.2.  For  example,  Okrouhla 
et  al.  (1983)  gave  average  values  of  6,  11,  21  and 
62%  for  the  total  food  eaten  by  larvae  of  Cheilomenes 
sulphurea.  In  A.  hipunctata,  the  percentages  of  food 
eaten  by  the  four  larval  instars  differed  between 
food  treatments.  When  fed  with  aphid  Myzus  persicae, 
they  were  4,  9,  14  and  73%  and  with  factitious  food 
(a  mixture  of  Ephestia  kuehniella  eggs  and  fresh 
bee  pollen)  they  were  5,  8,  20  and  67%  (Jalali  et  al. 
2009b). 


3.4  PUPA 

3.4.1  Prepupal  stage 

The  last  (fourth)  instar  larva  attaches  itself  by  the  tip 
of  its  abdomen  (‘anal  organ’,  pygopod)  to  the  substrate 
and  prepares  for  pupation.  The  prepupae  of  particular 
species  are  as  or  more  vulnerable  to  predation  than 
their  fourth  instar  larvae.  Their  physical  defence  struc- 
tures are  essentially  the  same,  but  they  are  practically 
immobile  (Ware  & Majerus  2008).  Phorids  attack 
host  prepupae  and  parasitize  them  at  the  time  of 
ecdysis  to  the  pupal  stage  (Hurst  et  al.  1998).  In  life 
tables,  the  prepupa  is  often  listed  as  one  of  the  develop- 
mental stages,  but  strictly  speaking  it  should  be  consid- 
ered as  a part  of  the  last  instar  larva.  For  practical 
reasons,  especially  the  differences  between  feeding 
larva  and  inactive  prepupae,  we  recommend  that  these 
substages  are  separated  in  experiments. 
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Figure  3.5  Growth  curves  of  ladybirds.  Crosses,  growth  of  Exochomus  quadripustulatus  from  egg  to  pupa  at  25°C,  fed  with 
Pulvimria  regalis  (after  Sengonca  & Arnold  2003).  Circles,  growth  of  Coelophora  biplagiata  from  egg  (e)  through  four  larval 
instars  (i),  prepupa  (pp),  pupa  (p)  to  adult  (a);  reared  on  Aphis  craccivora  at  27“C  (after  Omkar  et  al.  2005,  mass  was  in  fact 
double,  but  the  values  were  reduced  to  a similar  scale  as  the  other  species).  Body  mass  increases  exponentially  from  hatching 
to  the  fourth  instar.  This  last  instar  stops  to  feed  and  grow  and  form  a prepupa.  The  pupa  is  lighter  than  prepupa  because  the 
larval  cuticle  is  shed,  and  some  of  the  nutrients  are  spent  through  intensive  metabolism.  Part  of  the  body  water  may  be  lost 
during  the  resting  stage.  Adults  continue  to  grow,  especially  the  females  during  egg  production. 


3.4.2  Pupal  morphology 

Pupae  of  coccinellids  are  of  the  type  pupa  adectica 
obtecta,  which  means  that  all  appendages  (antennae, 
limbs,  wing  pads)  are  glued  to  the  body  by  exuvial  fluid. 
The  pupa  is  attached  to  the  substrate  (vegetation)  by 
the  tip  of  the  abdomen.  The  exuviae  (remains  of  the 
old  cuticle)  of  the  last  larval  instar  are  crumpled 
around  the  tip  of  abdomen  in  the  Coccinellinae  and 
Sticholotidinae.  In  the  Chilocorinae,  Scymninae  and 
Ortaliinae  the  larval  cuticle  ruptures  on  the  dorsal  side, 
stretches  and  splits  lengthwise,  but  is  not  shed  and 
forms  a protective  chamber  around  the  pupa.  There 
are  exceptions  such  as  Scynmus  sinuanodulus  where  the 
pupa  is  naked  with  the  larval  exuviae  attached  only 
to  the  last  abdominal  segment  (Lu  et  al.  2002).  In  the 
Epilachninae,  only  the  posterior  third  of  the  pupa  is 
covered  by  the  spiny  larval  exuviae.  The  pupal  cuticle 
itself  is  either  covered  in  long  hairs  (Epilachninae, 
Scymninae)  or  is  apparently  smooth,  with  only  sparse 
very  short  glandular  hairs  (Coccinellinae). 


The  size  of  the  pupa  of  particular  species  is  highly 
dependent  on  prey  quality  and  quantity  during  larval 
development,  as  well  as  on  the  temperature  during 
development.  The  largest  pupae  develop  at  medium 
temperatures.  The  mean  weight  of  pupae  of  Exo- 
chomus quadripustulatus  was  11.9mg  at  9/19°C  (ther- 
moperiod), 12.5 mg  at  12/24°C  and  10.7mg  at  a 
constant  25°C  (Sengonca  & Arnold  2003).  The  heavi- 
est pupae  of  Hip.  convergens  were  reared  at  22°C  as 
compared  with  18,  26  and  30°C  (Rodriguez-Saona  & 
Miller  1999). 

Har.  axyridis  larvae  reared  on  Acyrthosiphon  pisum 
produced  heavier  pupae  (2  7.8  mg)  than  their  siblings 
reared  on  the  less  suitable  prey  Aphis  craccivora 
(20.8mg)  or  on  artificial  diet  (22.0mg)  (Ueno  2003). 
Coleomegilla  maculata  larvae  fed  with  corn  pollen  gave 
much  heavier  pupae  (13  mg)  than  individuals  fed  on 
the  aphid  Rhopalosiphum  padi  (7.3  mg)  (Lundgren  & 
Wiedenmann  2002).  Epilachna  varivestis  reared  on  gla- 
brous soybean  plants  had  by  14-29%  greater  dry 
pupal  weights  than  did  individuals  reared  on  the 
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densely  pubescent  and  normal  isolines  (Gannon  & 
Bach  1996). 

Male  and  female  pupae  cannot  be  distinguished  by 
their  external  morphology.  Females  tend  to  be  larger 
and  heavier  than  males  in  the  pupal  stage:  Har.  axyridis 
females  on  average  weighed  28.5  mg  while  males  were 
2 7.2  mg  (Ueno  2003).  Moreover,  Ueno  (2003)  found 
slight  intraspecific  genetic  variation  (family  effect) 
in  pupal  weights  and  an  interaction  of  this  genetic 
background  with  the  type  of  prey.  Based  on  these 
finding  we  suggest  (i)  strict  use  of  siblings  in  all  treat- 
ments of  an  experiment  where  effects  of  several  envi- 
ronmental factors  are  to  be  studied,  and  (ii)  the  parallel 
use  of  several  unrelated  females/families  for  such 
experiments. 

3.4.3  Timing  of  pupation 

The  development  of  pupae  generally  takes  about  24% 
of  the  total  pre-imaginal  development  time,  i,e,  less 
than  in  other  Aphidophaga  (Neuroptera:  33%,  Syrphi- 
dae:  39%)  (Honek  & Kocourek  1990),  It  may,  however, 
exceed  40%  in  Axinoscymnus  cardilohus  (Huang  et  al, 
2008)  feeding  on  whiteflies.  The  development  rate  of 
pupae  is  linearly  and  positively  related  to  tempera- 
ture (3,6),  and  is  usually  independent  on  the  prey 
quality  and  quantity  in  the  preceding  larval  stage 
(Ahmad  et  al,  2006):  by  contrast,  pupal  and  adult 
weight  are  dependent  on  previous  feeding.  Pupae  of 
Col.  maculata  from  larvae  fed  with  pollen  reached 
14 mg  and  lasted  3,2  days  while  those  fed  on  artificial 
diet  weighed  less  ( 1 1 mg)  and  lasted  for  a comparable 
time  (3,4  days)  (Lundgren  & Wiedenmann  2002),  The 
complete  pre-imaginal  development  of  Hip.  convergens 
on  Thrips  tabaci  lasted  30  days,  and  24  days  on 
Acyrthosiphon  pisum,  while  the  duration  of  the  pupal 
stage  was  not  affected  by  the  food  (Schade  & Sengonca 
1998), 

Under  conditions  of  artificially  elevated  CO2  con- 
centration, the  pupal  development  time  was  affected; 
both  the  larval  and  pupal  durations  of  Har.  axyridis  fed 
Aphis  gossypii  were  significantly  shorter  than  at  the 
normal  concentration  (Chen  et  al,  2005),  A high  level 
of  crowding  (35  larvae  per  beaker)  shortened  subse- 
quent pupal  development  in  P.  dissecta  (2,2  days  in 
comparison  to  3.4  days  at  low  densities)  (Omkar  & 
Pathak  2009). 

A relatively  high  incidence  of  pupation  was  observed 
during  the  late  photophase  (09:00-12:00  hours. 


where  0 hours  is  the  time  the  light  was  switched  on) 
and  early  scotophase  (12:00-15:00  hours)  in  Meno- 
chilus  sexmaculatus  (Omkar  & Singh  2007;  Fig,  3,3). 

Mass-specific  respiration  rates  in  Har  axyridis 
increased  with  increases  in  pupal  age  (while  it 
decreased  in  the  other  stages)  (Acar  et  al.  2004).  Below 
10°C,  CO2  was  produced  primarily  from  non-oxygen- 
consuming  reactions.  CO2  production  gradually  shifted 
more  to  oxygen-consuming  reactions  with  increasing 
temperature. 

The  abundance  of  pupae  is  widely  underestimated 
in  the  field  because  they  are  attached  to  the  vegetation 
and  thus  unavailable  for  common  sampling  methods 
(sweeping,  Kalushkov  & Nedved  2005;  beating,  Kula 
& Nedved  unpublished;  sticky  traps,  Kaneko  et  al, 
2006). 

3.4.4  Places  of  pupation 

The  usual  place  for  pupation  is  on  the  vegetation  where 
the  larva  developed,  so  that  the  prepupae  and  pupae 
are  exposed  to  cannibalism  or  intraguild  preda- 
tion, The  prevalence  of  parasitization  of  ladybird 
pupae  by  Phalacrotophora  flies  increases  strongly  with 
the  population  density  of  the  pupae,  reaching  up  to 
40%  (Durska  et  al.  2003).  Larvae  of  the  genus  Chilo- 
corus  aggregate  before  pupation  (Fomenko  1970, 
Fomenko  & Zaslavskii  1970), 

In  aphidophagous  ladybirds,  the  place  for  pupa- 
tion is  mainly  foliage,  while  some  coccidophagous 
species  pupate  on  the  bark  of  branches  and  on  tree 
trunks.  Cryptically  coloured  pupae  tend  to  be  hidden 
on  the  underside  surface  of  the  leaves,  while  apose- 
matically  coloured  ones  may  be  exposed  on  the  upper 
side  and  take  advantage  of  basking  in  the  sun  (see 
thermal  melanism,  3.4,6), 

In  central  Honshu,  hibernating  and  reproductive 
adults  of  C.  septempunctata  coexist  in  the  same  habitat 
during  the  mild  winter.  Although  natural  substrates 
were  available,  the  beetles  preferred  to  use  artifi- 
cial substrates  such  as  metal  cans  (iron  or  alumin- 
ium), papers,  and  wooden  materials  discarded  on 
the  sunny  slope  as  oviposition  and  pupation  sites. 
They  were  warmed  by  solar  radiation  and  served  as 
thermal  microhabitats  (Ohashi  et  al,  2005),  About 
90%  of  the  larvae  of  Col.  maculata  left  the  potato  plant 
to  pupate.  They  selected  shelters  that  effectively 
reduced  their  intraguild  predation  by  the  lacewing 
Chrysoperla  rufilahris  (Lucas  et  al,  2000),  The  larvae 
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and  pupae  of  the  ladybird  Thalassa  saginata  develop 
inside  colonies  of  the  ant  Dolichoderus  bidens  (Orivel 
et  al.  2004). 


3.4.5  Pupal  defence 

Pupae  covered  by  the  larval  skin  are  protected 
mechanically,  especially  when  the  larva  is  spiny  (Chi- 
locorinae,  Epilachninae)  or  covered  by  waxy  exuda- 
tions (Scymninae).  The  pupal  cuticle  also  has  its  own 
hairs,  which  are  especially  long  in  the  Epilachninae 
and  Scymninae.  and  often  have  a glandular  function, 
containing  defensive  compounds.  Transparent  viscous 
droplets  are  visible  on  the  tips  of  the  setae  of  the  pupa 
of  Scymnus  sinuanoduhis  {Lu  et  al.  2002).  The  white 
pupa  of  Clitostethus  oculatus  has  tiny  clear  droplets  on 
the  tips  of  the  setae  at  high  relative  humidity.  Larval 
exuviae  together  with  whitefly  debris  cover  the  tip  of 
the  pupal  abdomen.  The  yellowish  pupae  of  Delphastus 
pusillus  are  covered  by  short  hairs  without  any  secre- 
tion. and  several  abdominal  segments  are  enclosed 
within  an  unfragmented  larval  skin  (Liu  & Stansly 
1996a). 

The  surface  of  the  pupa  of  the  phytophagous  Suhcoc- 
cinella  vigintiquatuorpunctata  bears  glandular  hairs  pro- 
ducing three  polyazamacrolide  alkaloids.  The  secretion 
serves  as  a potent  anti-predator  defence  against  the 
predatory  ant  Crematogaster  lineolata  (Smedley  et  al. 
2002).  Comparative  studies  of  the  defensive  chemistry 
of  eggs,  larvae,  pupae  and  adults  showed  both  qualita- 
tive and  quantitative  differences  in  alkaloid  composi- 
tion between  the  life  stages  of  Epilachna  paenulata 
(Camarano  et  al.  2006).  The  polyazamacrolide  epil- 
achnene.  the  principal  component  of  the  secretion  of 
the  pupal  defensive  hairs  of  Epilachna  varivestis,  proved 
to  be  a deterrent  for  Elar.  axyridis  (Rossini  et  al.  2000). 
The  oily  droplets  on  the  pupal  integumental  hairs  of 
the  squash  beetle  Epilachna  borealis  contain  a mixture 
of  tocopheryl  acetates  (Attygalle  et  al.  1996)  and 
polyazamacrolides  (Schroder  et  al.  1998).  (more  on 
semiochemicals  in  Chapter  9). 

The  pupa  is  not  entirely  immobile.  If  irritated  by  a 
predator  or  parasitoid.  it  quickly  raises  itself  upwards 
several  times.  Pupae  are  better  protected  against  preda- 
tion than  prepupae,  but  in  most  species  they  are  still 
susceptible  to  attack.  The  tough  pupal  integument 
affords  better  protection  than  the  soft  larval  skin  (Ware 
& Majerus  2008). 


3.4.6  Colouration  and  thermal  melanism 

Many  coccinellid  pupae  are  cryptically  coloured, 
while  in  some  large  Coccinellinae  the  colours  are 
bright  and  probably  have  a warning  function.  Species 
such  as  C.  septempiinctata  and  Elar.  axyridis,  which 
mostly  pupate  exposed  on  the  upper  leaf  surface, 
combine  a bright  orange  background  with  black  spots. 
The  extent  of  melanization  and  the  darkness  of  the 
orange-brown  background  increases  in  both  species 
with  decreasing  temperature  and  increasing  humid- 
ity. The  pupa  is  light  orange  at  35°C  and  dark  brown 
at  15°Cin  C.  septempiinctata  (Hodek  1958.  Okuda  et  al. 
1997).  In  C.  septempunctata,  the  percentage  of  the  area 
from  dorsal  and  lateral  views  which  is  black  decreases 
linearly  (from  45-55%  to  almost  zero)  with  increasing 
temperature  (from  20  to  36°C)  (Rozsypalova  2007). 
Unlike  the  larvae  and  adults,  which  can  control  their 
body  temperature  behaviourally.  the  pupa  relies  on 
heating  by  the  sun. 

The  sensitive  stage  for  the  determination  of  the 
extent  of  melanization  is  the  late  prepupa.  Elements  of 
the  future  elytral  pattern  may  be  visible  on  the  pupal 
wingpads.  In  Elar.  axyridis,  there  is  a similar  trend  as 
in  C.  septempiinctata,  but  shifted  to  lower  temperatures 
(17  to  33°C)  (Ungerova  & Nedved.  unpublished).  The 
extent  of  melanization  of  the  adult  is  independent  of 
the  melanization  of  the  pupa. 

Blackening  of  the  pupal  case  may  also  be  caused  by 
infection,  injury  or  intoxication.  This  was  observed  in 
pupae  of  C.  septempunctata  whose  larvae  had  been 
treated  with  azadirachtin  (Banken  & Stark  1997). 

Although  the  colouration  of  ladybird  pupae  is  less 
variable  and  less  striking  than  that  of  adults,  pupae 
can  still  be  identified  to  species.  Eor  example,  the 
colour  and  spotting  of  prepupae  and  pupae  provide 
identification  characters  to  distinguish  two  sympatric 
ladybirds.  Elenosepilachna  piisillanima  and  H.  boisdiivali 
that  have  indistinguishable  adult  colouration  (Nakano 
& Katakura  1999). 

3.5  ADULT 

3.5.1  Teneral  development 

Teneral  development  may  include  sexual  maturation 
and  the  acquisition  of  flight  ability.  In  many  coccinel- 
lids.  the  activity  of  the  follicular  tissue  in  the  testes 
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starts  in  the  pupa  (Hodek  & Landa  1971,  Hodek  1996). 
After  emerging  from  the  pupa,  females,  and  sometimes 
also  males,  show  a refractory  period  of  a few  days  in 
their  mating  behaviour.  This  was  found  to  be  equal  in 
males  and  females  of  A.  hipunctata  (Hemptinne  et  al. 
2001).  Slight  protogyny  (the  first  mating  of  females 
taking  place  at  earlier  age)  could  theoretically  occur 
when  females  mate  before  sexual  maturity  and  store 
sperm,  while  males  mate  only  after  maturity.  Mating  of 
sexually  non-mature  females  is  common  in  many 
species  with  reproductive  diapause  (Chapter  6).  Long 
refractory  periods  were  observed  in  Sasajiscymnus 
tsugae:  at  25°C  when  males  matured  at  19  days, 
whereas  the  female  pre-oviposition  period  was  22.4 
days  (Cheah  & McClure  1998).  Omkar  & Srivastava 
(2002)  report  protandry  in  Indian  C.  septempunctata. 
Males  were  ready  to  mate  within  9 days  at  2 7°C,  while 
females  took  11  days.  Rana  & Kakker  (2000)  reported 
an  average  pre-mating  period  in  C.  septempunctata  of 
6.4  days. 

Temperature  requirements  for  completing  the 
teneral  period  may  be  calculated  as  for  immature 
development  (3.6)  and  may  be  prolonged  by  unsuitable 
prey  (Hukushima  & Kamei  1970)  or  prey  scarcity 
(Kawauchi  1981). 

The  basic  sex  ratio  in  coccinellids  is  close  to  50:50. 
except  where  there  is  an  infection  by  a male-killing 
agent  (Chapter  8).  An  increased  proportion  of  males 
was  found  at  high  temperatures:  in  Hai:  axyridis  at 
30°C  (62-82%)  (Lombaert  et  al.  2008)  and  in  P.  dis- 
secta  at  35°C  (62%)  (Omkar  & Pervez  2004b). 

3.5.2  Wings  and  flight 

The  ability  to  take-off  matures  within  a short  period 
after  the  moult  to  adult.  Adults  of  C.  septempunctata 
began  attempts  to  fly  40  hours  after  emergence  at  26°C 
(Honek  1990).  Confinement  of  ladybirds  in  a limited 
space  increased  both  the  willingness  to  take-off  and 
the  duration  of  flight  in  C.  septempunctata  (Nedved  & 
Hodek  1995). 

There  have  been  a few  reports  of  the  occasional 
occurrence  of  wingless  or  brachypterous  individuals 
among  normally  winged  ladybirds.  Winglessness  in  A. 
hipunctata  is  determined  by  a single  locus  with  the 
wingless  allele  recessive  to  the  winged  wildtype  allele 
(Lommen  et  al.  2005)  (Chapter  2).  The  occurrence  of 
flightless  ladybirds  might  increase  biocontrol  because 


flightless  beetles  have  a longer  residence  time  on  the 
plants,  even  at  lower  prey  density  (Lommen  et  al. 
2008).  A homozygous  flightless  (but  fully  winged) 
strain  of  Hai:  axyridis  was  obtained  by  laboratory  selec- 
tion and  used  in  biological  control  (Tourniaire  et  al. 
2000).  This  strain  had  not  only  a longer  residence 
time  on  aphid-infested  plants  but  also  a minimal 
potential  to  become  invasive.  Artificially,  flightless 
ladybirds  may  be  induced  in  a culture  by  limiting  space 
during  the  emergence  of  adults  from  pupae  individu- 
ally placed  into  small  chambers:  this  results  in  defor- 
mation of  elytra  and  wings  (N.  Osawa,  personal 
communication) . 

3.5.3  Pre-oviposition  period 

The  number  of  days  between  female  emergence  and 
the  laying  of  the  first  egg  batch  is  called  the  pre- 
oviposition  period.  Its  duration  can  be  used  to  measure 
the  intensity  of  diapause  (Chapter  6).  In  dormant 
females,  it  can  last  weeks  or  even  months. 

Interspecific  variation  in  the  pre-oviposition 
period  can  be  substantial.  In  Coccinellinae.  it  ranges 
between  0 and  10  days:  in  Har.  axyridis  it  was  6-10 
days,  in  A.  hipunctata  3-8  days  and  in  Hip.  variegata  it 
was  surprisingly  reported  to  be  only  0-4  days  (Lanzoni 
et  al.  2004),  which  would  indicate  that  some  females 
of  this  species  completed  the  development  of  their  eggs 
while  in  the  pnpal  stage.  A short  pre-oviposition 
period  of  2-3  days  was  also  found  in  Anegleis  cardoni 
(Omkar  et  al.  2009).  Adults  of  C.  septempunctata  fed  on 
Sitohion  avenae  started  mating  4-1 1 days  after  emer- 
gence, with  an  average  pre-mating  period  of  6.4 
days  (Rana  & Kakker  2000). 

In  Scymninae,  the  pre-oviposition  period  varies 
even  among  closely  related  species.  In  Scymnus  frontalis 
it  was  10-11  days  (Gibson  et  al.  1992),  while  it  was 
only  two  days  in  S.  louisianae  (Brown  et  al.  2003).  In 
contrast,  long  pre-oviposition  periods  of  13  days  at 
3 1°C  and  2 3 days  at  20°C  were  observed  in  Clitostethus 
oculatus  (Ren  et  al.  2002),  and  of  22  days  at  25°C  in 
Sasajiscymnus  tsugae  (Cheah  & McClure  1998). 

The  pre-oviposition  period  generally  increases  at 
lower  temperatures:  it  ranged  from  20.5  days  at  a 
mean  temperature  of  15°C  to  7.7  days  at  30°C  in 
Scymnus  frontalis  (Naranjo  et  al.  1990),  from  9 days 
at  20°  to  4 days  at  35°C  in  S.  levaillanti  (Uygun  & 
Atlihan  2000)  and  from  24  days  at  15°C  and  3.5  days 
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at  3 5°Cin  S.  inarinus  (M’Hamed&  Chemseddine  2001). 
Food  suitability  also  modifies  the  pre-oviposition 
period:  this  was  shorter  in  Menochilus  sexmaculatus  fed 
with  Aphis  cmccivom,  Aulacorthum  solani,  Sitobion 
akebiae,  and  Myzits  persicae  (7. 3-8.0  days)  than  when 
fed  with  A.  gossypii  (11.6  days)  (Sugiura  & Takada 
1998). 

3.5.4  Size 

Females  are  generally  larger  and  heavier  than  males, 
although  often  not  significantly  so.  due  to  high  varia- 
bility. The  fresh  weight  of  emerged  females  of  Anegleis 
cardoni  was  constantly  1.16-times  higher  than  that  of 
males  when  reared  on  three  different  prey  species, 
while  the  difference  in  weight  within  each  of  the 
two  sexes  between  being  fed  the  most  and  the  least 
suitable  prey  species  was  1.35  times  (Omkar  et  al. 

2009) .  Newly  emerged  females  of  Har.  axyridis  were 
1.1  to  1.2-times  heavier  than  males  (Ungerova  et  al. 

2010) . 

The  positive  relationship  between  male  and  female 
weight  under  the  same  conditions  is  linear  after  log- 
log  transformation,  giving  the  equation  log  Wm  = 
-0.07 -H  0.97  log  Wp.  for  A.  bipunctata  and  Wm  = 
-0.043 -H  0.96  log  Wp.  for  P.  japonica  (Dixon  2000). 
Crowding  of  larvae  in  a small  space  reduced  adult  size 
of  P.  dissecta:  7 mg  with  single  individuals,  11  mg  at  4 
individuals  per  beaker  (0.71),  and  only  5 mg  at  35  per 
beaker  (Omkar  & Pathak  2009).  In  small  (7cm)  Petri 
dishes,  the  mean  mass  of  Hai:  axyridis  was  18.8  mg;  in 
15cm  Petri  dishes  21.2mg;  in  0.51  jars  25.1mg 
(Ungerova  et  al.  2010). 

Body  length  and  width  decreased  as  constant  tem- 
peratures increased  from  22  to  34°C  in  Chil.  nigritus, 
but  were  highest  at  an  alternating  temperatures 
regime  of  20/34°C  (Ponsonby  2009).  Females  were 
only  1.03-times  longer  than  males. 

Apart  from  using  body  length  and  weight,  the 
ventral  body  area  (mm^)  may  be  calculated  by  measur- 
ing the  body  length  and  width  and  using  the  formula 
[Vifbody  length)]  x [y2(body  width)]  (Obrycki  et  al. 
1998,  Giles  et  al.  2002,  Phoofolo  et  al.  2007). 

In  interspecific  comparisons  among  aphidophagous 
ladybirds,  body  size  of  a species  is  related  to  the  body 
size  and  density  of  the  prey.  Small  ladybirds  can  feed 
on  small  aphid  species  when  these  are  in  both  high  and 
low  densities,  but  on  large  aphid  species  only  at  high 
densities,  where  young  instars  of  the  aphids  are 


abundant.  Large  ladybirds  cannot  be  sustained  by  low 
densities  of  small  aphids  due  to  the  food  limitation 
(Sloggett  2008). 

3.5.5  Ovarioles 

The  ovarioles  of  Coccinellidae  are  of  the  meroistic 
telotrophic  type.  The  number  of  ovarioles  is  species- 
specific,  as  well  as  dependent  on  the  conditions  during 
the  larval  development  of  the  female  (Table  3.2).  There 
is  a higher  number  of  ovarioles  in  larger  species;  the 
number  increases  with  body  length  by  the  power  func- 
tion with  the  exponent  of  1.14  + 0.02  (Fig.  3.6). 
Species  with  few  ovarioles  lay  larger  eggs  than  similar- 
sized species  with  many  ovarioles  (Stewart  et  al.  1 99 1 b; 
5.2.3).  The  number  of  ovarioles  has  been  reviewed 
from  the  viewpoint  of  taxonomy,  evolution  and  fecun- 
dity by  Rathour  and  Singh  (1991).  In  species  with  a 
high  number  of  ovarioles,  there  is  a smaller  number 
of  chambers  (follicles)  with  ripening  oocytes  (three  in 
C.  septempunctata)  than  in  species  with  a small  number 
of  ovarioles  (eight  in  Stethorus  sp.)  (Dobrzhansky 
1926). 

Intraspecific  comparisons  in  C.  septempunctata 
showed  a positive  linear  relationship  between  the 
number  of  ovarioles  and  female  body  weight  (Dixon 
& Guo  1993).  The  mean  number  of  ovarioles  in  C. 
septempunctata  females  of  24 mg  body  weight  was  80, 
while  it  was  139  in  females  weighing  31  mg  (Rham- 
halinghan  1985,  1986).  In  contrast,  no  correlation  of 
the  number  of  ovarioles  with  either  body  length  or 
body  weight  of  females  was  found  in  Har.  axyridis 
(Nalepa  et  al.  1996,  Osawa  2005). 

Effects  on  the  reproductive  output  of  the  resulting 
females  of  the  diet  provided  to  larvae  have  been 
reported.  The  number  of  ovarioles  was  10%  lower  in 
A.  bipunctata  fed  on  the  suboptimal  prey  Aphis  cracciv- 
ora  than  in  females  fed  with  the  high  quality  prey 
Acyrthosiphon  pisum  (Ferrer  et  al.  2008).  However, 
Ware  et  al.  (2008b)  reported  no  effect  of  larval  diet  on 
ovariole  number  in  Har  axyridis  and  A.  bipunctata, 
although  maximum  clutch  size  and  oviposition  rate 
were  affected.  Starvation  does  not  alter  the  total 
number  of  ovarioles.  it  only  changes  the  percentage  of 
oosorptive  and  mature  ovarioles  (Osawa  2005).  In 
those  individuals  of  C.  septempunctata  with  less  than 
100  ovarioles  per  female,  almost  all  of  the  ovarioles 
(99.8%)  were  healthy  and  functional.  By  contrast, 
in  individuals  with  a high  ovariole  number  (102  to 
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Table  3.2  Number  of  ovarioles  per  ladybird  female,  female  weight  (mg)  and  size  (mm).  Indicated  are  ranges  or  mean 
numbers  of  ovarioles  in  both  ovaries  together,  if  directly  referred  to  in  the  literature  source  in  the  right  column,  or  double  the 
number  of  ovarioles  per  one  ovary  if  given  so  in  the  source.  Size  and  fresh  weight  of  each  species  are  either  original 
unpublished  data  measured  by  Nedved,  or  measured  by  Rhamhalinghan  (four  rows  marked  by  asterisk  *);  averaged  literature 
data  on  body  length  are  given  for  other  species.  See  also  Fig.  3.6. 


Species 

Weight 

Size 

Ovarioles 

Reference 

Adalia  bipunctata 

— 

— 

45-51 

Dobrzhansky  (1926) 

Adalia  bipunctata 

— 

— 

47 

Ferrer  et  ai.  (2008) 

Adalia  bipunctata 

13.5 

4.9 

43 

Ferrer  et  ai.  (2008) 

Adalia  bipunctata 

— 

— 

48 

Ware  et  ai.  (2008) 

Adalia  decempunctata 

10.7 

4.6 

48-52 

Dobrzhansky  (1926) 

Adalia  tetraspilota 

— 

4.5 

34-48 

Rathour  & Singh  (1991) 

Afidenta  misera 

— 

5.4 

40-48 

Rathour  & Singh  (1991) 

Afissula  rana 

— 

— 

26 

Rathour  & Singh  (1991) 

Afissula  sanscrita 

— 

— 

18 

Rathour  & Singh  (1991) 

Aiolocaria  hexaspilota 

— 

9.7 

91 

Dobrzhansky  (1926) 

Aiolocaria  hexaspilota 

— 

9.7 

88-96 

Rathour  & Singh  (1991) 

Alloneda  dodecaspilota 

— 

6.8 

32-44 

Rathour  & Singh  (1991) 

Anatis  ocellata 

60.7 

8.5 

56 

Dobrzhansky  (1926) 

Anegleis  cardoni 

— 

3.7 

20 

Rathour  & Singh  (1991) 

Anisosticta  novemdecimpunctata 

— 

3.5 

24 

Dobrzhansky  (1926) 

Apolinus  lividigaster 

— 

4.0 

14-26 

Anderson  (1981) 

Callicaria  superba 

— 

11.5 

52-60 

Rathour  & Singh  (1991) 

Calvia  albida 

— 

8.0 

18-24 

Rathour  & Singh  (1991) 

Calvia  decemguttata 

27.3 

6.6 

29 

Dobrzhansky  (1926) 

Calvia  quatuordecimguttata 

22.7 

5.4 

40 

Dobrzhansky  (1926) 

Calvia  quatuordecimguttata 

22.7 

5.4 

40 

Semyanov  (1 980) 

Calvia  Shiva 

— 

— 

28-36 

Rathour  & Singh  (1991) 

Calvia  Shiva  pasupati 

— 

— 

22 

Rathour  & Singh  (1991) 

Calvia  Shiva  pinaki 

— 

— 

18 

Rathour  & Singh  (1991) 

Calvia  Shiva  trilochana 

— 

4.9 

22 

Rathour  & Singh  (1991) 

Calvia  sp. 

— 

— 

24-28 

Rathour  & Singh  (1991) 

Ceratomegilla  undecimnotata 

44.0 

6.6 

42-62 

Dobrzhansky  (1926) 

Chilocorus  bijugus 

— 

— 

40-48 

Rathour  & Singh  (1991) 

Chilocorus  bipustulatus 

— 

3.5 

25 

Dobrzhansky  (1926) 

Chilocorus  breiti 

— 

— 

18-24 

Rathour  & Singh  (1991) 

Chilocorus  hauseri 

— 

— 

30-40 

Rathour  & Singh  (1991) 

Chilocorus  nigritus 

— 

4.0 

18 

Rathour  & Singh  (1991) 

Chilocorus  rubidus 

— 

6.5 

72-80 

Rathour  & Singh  (1991) 

Chilocorus  sp. 

— 

— 

32-40 

Rathour  & Singh  (1991) 

Chilocorus  sp. 

— 

— 

24-32 

Rathour  & Singh  (1991) 

Coccinella  hieroglyphica 

— 

3.5 

34 

Dobrzhansky  (1924) 

Coccinella  hieroglyphica 

— 

— 

28 

Dobrzhansky  (1926) 

Coccinella  luteopicta 

— 

5.8 

44-52 

Rathour  & Singh  (1991) 

Coccinella  magnifica 

— 

7.4 

69-74 

Dobrzhansky  (1926) 

Coccinella  septempunctata 

— 

— 

96-119 

Dobrzhansky  (1926) 

Coccinella  septempunctata 

44.4 

7.2 

102 

Kiausnitzer  & Kiausnitzer  (1986) 

Coccinella  septempunctata 

— 

— 

108-124 

Rathour  & Singh  (1991) 

Coccinella  septempunctata 

30.5* 

— 

129  (57-82  pairs) 

Rhamhaiinghan  (1985) 

Coccinella  septempunctata 

23.6* 

— 

86  (26-61  pairs) 

Rhamhaiinghan  (1985) 

Coccinella  septempunctata 

31.6* 

— 

149 

Rhamhaiinghan  (1986) 

Coccinella  septempunctata 

24.2* 

— 

74 

Rhamhaiinghan  (1986) 

(Continued) 
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Table  3.2  (Continued) 


Species 

Weight 

Size 

Ovarioies 

Reference 

Coccinella  undecimpunctata 

— 

5.0 

68 

Dobrzhansky  (1 926) 

Coccinula  quatuordecimpustulata 

— 

3.5 

20 

Dobrzhansky  (1 926) 

Coccinula  redimita 

— 

4.0 

20 

Dobrzhansky  (1 926) 

Coelophora  bissellata 

— 

5.3 

26-36 

Rathour  & Singh  (1991) 

Coelophora  duvaucelii 

— 

— 

36-44 

Rathour  & Singh  (1991) 

Cryptogonus  ariasi 

— 

2.2 

14 

Rathour  & Singh  (1991) 

Cryptogonus  orbiculus 

— 

— 

14 

Rathour  & Singh  (1991) 

Cryptogonus  postmedialis 

— 

— 

14 

Rathour  & Singh  (1991) 

Cryptogonus  quadriguttatus 

— 

— 

14 

Rathour  & Singh  (1991) 

Epilachna  dumerili 

— 

— 

24-32 

Rathour  & Singh  (1991) 

Epilachna  marginicollis 

— 

— 

32-36 

Rathour  & Singh  (1991) 

Epilachna  mystica 

— 

— 

44-52 

Rathour  & Singh  (1991) 

Exochomus  quadripustulatus 

9.7 

4.3 

26 

Dobrzhansky  (1 926) 

Halyzia  sanscrita 

— 

— 

38-44 

Rathour  & Singh  (1991) 

Halyzia  straminea 

— 

7.3 

56-64 

Rathour  & Singh  (1991) 

Harmonia  axyridis 

— 

— 

54-78 

Dobrzhansky  (1 924) 

Harmonia  axyridis 

34.7 

6.5 

64-76 

Dobrzhansky  (1 926) 

Harmonia  axyridis 

— 

— 

53-77 

Fois  & Nedved,  unpubi. 

Harmonia  axyridis 

— 

— 

62  (44-84) 

Naiepa  et  ai.  (1996) 

Harmonia  axyridis 

— 

— 

62 

Ware  et  ai.  (2008) 

Harmonia  dimidiata 

— 

8.3 

50-60 

Rathour  & Singh  (1991) 

Harmonia  eucharis 

— 

8.0 

48-164 

Rathour  & Singh  (1991) 

Harmonia  quadripunctata 

22.3 

6.1 

36-40 

Dobrzhansky  (1 926) 

Harmonia  sedecimnotata 

— 

6.5 

54-64 

Rathour  & Singh  (1991) 

Henosepilachna  dodecastigma 

— 

— 

56-60 

Rathour  & Singh  (1991) 

Henosepilachna  indica 

— 

— 

44-54 

Rathour  & Singh  (1991) 

Henosepilachna  ocellata 

— 

— 

58-64 

Rathour  & Singh  (1991) 

Henosepilachna  processa 

— 

9.1 

54-58 

Rathour  & Singh  (1991) 

Henosepilachna  pusillanima 

— 

8.1 

63 

Dobrzhansky  (1 926) 

Henosepilachna  sp. 

— 

— 

34 

Rathour  & Singh  (1991) 

Henosepilachna  vigintioctomaculata 

— 

— 

55 

Dobrzhansky  (1 926) 

Henosepilachna  vigintioctomaculata 

— 

7.4 

48-56 

Rathour  & Singh  (1991) 

Henosepilachna  vigintioctopunctata 

— 

6.4 

56-72 

Rathour  & Singh  (1991) 

Henosepilachna  vigintioctopunctata 

— 

— 

84 

Dobrzhansky  (1 926) 

Hippodamia  septemmaculata 

— 

6.0 

40-46 

Dobrzhansky  (1 926) 

Hippodamia  tredecimpunctata 

— 

5.9 

48-60 

Dobrzhansky  (1 926) 

Hippodamia  variegata 

10.3 

4.8 

45-49 

Dobrzhansky  (1 926) 

Hippodamia  variegata 

— 

— 

42-48 

Rathour  & Singh  (1991) 

Hyperaspis  campestris 

4.7 

2.9 

19-21 

Dobrzhansky  (1 926) 

Hyperaspis  reppensis 

— 

2.8 

17-20 

Dobrzhansky  (1 926) 

llleis  cincta 

— 

4.0 

38-44 

Rathour  & Singh  (1991) 

Jauravia  quadrinotata 

— 

2.2 

18 

Rathour  & Singh  (1991) 

Megalocaria  dilatata 

— 

13.0 

40-52 

Rathour  & Singh  (1991) 

Menochilus  sexmaculatus 

— 

5.0 

40-52 

Rathour  & Singh  (1991) 

Micraspis  allardi 

— 

4.5 

28 

Rathour  & Singh  (1991) 

Myrrha  octodecimguttata 

11.3 

4.3 

16-17 

Dobrzhansky  (1 926) 

Myzia  oblongoguttata 

39.0 

7.5 

41-46 

Dobrzhansky  (1 926) 

Nephus  redtenbacheri 

— 

1.6 

12 

Dobrzhansky  (1 926) 

Oenopia  billieti 

— 

3.9 

24 

Rathour  & Singh  (1991) 

Oenopia  conglobata 

— 

— 

24 

Dobrzhansky  (1 926) 

Oenopia  conglobata 

11.0 

4.6 

24 

Nedved,  unpubi. 

Oenopia  kirbyi 

— 

3.3 

24 

Rathour  & Singh  (1991) 

Life  history  and  development  81 


Table  3.2  (Continued) 


Species 

Weight 

Size 

Ovarioles 

Reference 

Oenopia  sexareata 

— 

— 

24 

Rathour  & Singh  (1991) 

Palaeoneda  auriculata 

— 

10.5 

84-88 

Rathour  & Singh  (1991) 

Pania  luteopustulata 

— 

5.1 

24-32 

Rathour  & Singh  (1991) 

Platynaspis  luteorubra 

— 

3.0 

19-22 

Dobrzhansky  (1926) 

Priscibrumus  uropygialis 

— 

— 

24 

Rathour  & Singh  (1991) 

Propylea  quatuordecimpunctata 

13.0 

4.1 

23 

Dobrzhansky  (1926) 

Psyllobora  vigintiduopunctata 

7.7 

3.8 

22-24 

Dobrzhansky  (1926) 

Lindorus  lophanthae 

— 

2.5 

20 

Stathas  et  al.  2002) 

Rodolia  guerini 

— 

— 

40 

Rathour  & Singh  (1991) 

Rodolia  sp. 

— 

— 

24 

Rathour  & Singh  (1991) 

Scymnus  ater 

— 

1.5 

8 

Dobrzhansky  (1926) 

Scymnus  frontalis 

3.1 

2.5 

12 

Dobrzhansky  (1926) 

Scymnus  haemorrhoidalis 

1.3 

2.1 

10-12 

Dobrzhansky  (1926) 

Scymnus  interruptus 

— 

2.2 

12 

Dobrzhansky  (1926) 

Scymnus  nigrinus 

3.0 

2.6 

12 

Dobrzhansky  (1926) 

Scymnus  rubromaculatus 

1.9 

2.2 

10-12 

Dobrzhansky  (1926) 

Scymnus  suturalis 

0.9 

1.8 

14 

Dobrzhansky  (1926) 

Stethorus  pusillus 

0.6 

1.4 

4 

Dobrzhansky  (1926) 

Subcoccinella  vigintiquatuorpunctata 

13.3 

3.8 

33-35 

Dobrzhansky  (1926) 

Tytthaspis  sedecimpunctata 

5.3 

3.0 

20-21 

Dobrzhansky  (1926) 

Vibidia  duodecimguttata 

— 

4.0 

24 

Dobrzhansky  (1926) 

Figure  3.6  Relationships  between  body  length  (mm),  body  mass  (mg,  diamonds)  and  number  of  ovarioles  (open  circles)  in 
Coccinellidae.  Sources  of  the  numbers  of  ovarioles  are  listed  in  Table  3.2.  Fresh  body  masses  are  data  measured  by  Nedved 
(unpublished),  body  length  are  either  measured  by  Nedved  or  averaged  literature  data.  Body  mass  increases  with  body  length 
with  the  power  function  M = 0.2 7-L^'^^.  number  of  ovarioles  follow  the  power  function  (close  to  linear)  NO  = 6-L"*. 
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200  ovarioles  per  female),  approximately  5.6%  of  the 
ovarioles  were  dysfunctional.  The  efficiency  of  the 
ovarioles  (percentage  of  simultaneously  active  ones) 
was  high  in  the  summer  generation  and  low  in  the 
winter  generation.  Crowding  and  competition  among 
the  ovarioles  and  inadequate  nutrition  were  the 
factors  affecting  ovarian  dysfunction  (Rhamhalinghan 
1986). 

A five-stage  rating  system  to  describe  ovarian  devel- 
opment is  based  on  the  length  of  the  terminal  follicle, 
the  number  and  shape  of  developing  follicles  in  each 
ovariole,  and  the  presence  of  yellow  colour  (yolk) 
in  the  terminal  oocyte  (Okuda  et  al.  1986,  Phoofolo 
et  al.  1995).  Fully  developed  oocytes  are  vitellinized 
(yolk  is  deposited)  and  chorionated  (covered  by  a 
chitinous  envelope).  A positive  linear  relationship  has 
been  observed  between  ovarian  developmental  rate 
and  temperature.  Oocytes  gradually  grow  and  ripen  in 
individual  ovarioles,  and  may  then  be  laid  synchro- 
nously from  one  or  both  ovaries.  The  number  of  eggs 
laid  is  positively  correlated  with  the  number  of  ovari- 
oles. body  length  and  body  weight. 

The  rates  of  ovarian  development  and  oosorption 
in  predatory  Har.  axyridis  are  much  higher  than  in  her- 
bivorous ladybirds.  During  starvation,  the  nutrients 
were  found  to  be  resorbed  back  from  developing  eggs. 
This  oosorption  mainly  occurred  during  the  intermedi- 
ate developmental  stage  of  the  ovarioles,  and  the 
ovarian  development  and  oosorption  were  asymmetric 
in  the  right  and  left  ovaries  in  Har.  axyridis  (Osawa 
2005). 


3.5.6  Mating 

3. 5.6.1  Frequency  and  duration  of  mating 

Ladybirds  mate  often  and  for  a long  time,  and  change 
partners  (i.e.  they  are  promiscuous).  A mating  fre- 
quency of  about  20%  at  any  given  time  was  recorded 
for  A.  bipunctata  in  the  field  (Haddrill  et  al.  2007).  The 
male  uses  his  legs  to  hold  himself  onto  the  elytra  of  the 
female  and  is  carried  by  her.  Body  shaking  by  males 
is  essential  for  insemination.  The  spermatophore  is 
formed  in  the  bursa  copulatrix  (Obata  1988).  Within 
1 hour  of  mating  the  spermatophore  is  emptied,  the 
envelope  ejected  from  female’s  reproductive  organs 
and  is  usually  eaten  by  the  female  (Obata  & Hidaka 
1987). 


The  mating  duration  was  recorded  as  54  minutes 
with  a range  of  41-62  minutes  in  C.  septempunctata 
(Rana  & Kakker  2000).  The  duration  was  higher  (51 
minutes)  when  a melanic  female  mated  with  a melanic 
male  of  Indian  C.  septempunctata  and  lower  (39 
minutes)  when  a typical  female  mated  with  a typical 
male  (Srivastava  & Omkar  2005).  Typical  duration  of 
mating  of  Har.  axyridis  in  laboratory  was  between  2 
and  3 hours  (Awad  & Nedved,  unpublished).  The 
mating  posture  in  Aiolocaria  hexaspilota  may  last  several 
days  (Iwata  1932).  Manipulating  the  mating  duration 
artificially  had  a dramatic  influence  on  hatching  rate 
in  Menochilus  sexmaculatus  and  Coelophora  saucia 
(Omkar  et  al.  2006a).  No  eggs  were  fertilized  after 
copulation  lasting  only  10  seconds,  about  35%  of  eggs 
after  a 1 minute  copulation,  and  80-90%  after  copula- 
tion lasting  1 hour  or  a natural  long  copulation. 

Mating  rhythmicity.  Mating  in  Menochilus  sex- 
maculatus (Omkar  & Singh  2007)  and  P.  dissecta 
(Mishra  & Omkar  2004)  in  India  occurred  at  all  times 
of  the  day  or  night  with  a slight  prevalence  (66%) 
during  the  photophase. 

The  willingness  to  mate  of  both  males  and  females 
of  P.  dissecta  increased  until  their  age  had  reached 
10-30  days  (Pervez  et  al.  2004).  In  C.  septempunctata 
in  India,  females  started  to  mate  at  2 days  and  males 
at  4 days  after  emergence.  Ten  day  old  males  and 
females  were  the  most  willing  to  mate  (Srivastava  & 
Omkar  2004).  Mating  of  young  (1-5  day  old)  adult 
P dissecta  lasted  about  200  minutes;  mating  of  those 
20  days  old  lasted  about  300  minutes  (Pervez  et  al. 
2004).  The  willingness  to  mate  strongly  increases 
when  adults  have  no  chance  to  mate.  Col.  maculata 
where  the  genders  were  isolated  for  only  1 day  were  2 6 
times  more  likely  to  mate  than  individuals  kept  in  a 
mixed-sex  group;  isolating  males  had  a stronger  effect 
than  isolating  females  (Harmon  et  al.  2008). 

Multiple  matings  usually  enhance  the  total  egg 
output  and  percentage  of  eggs  that  hatch,  even  though 
one  copulation  is  sufficient  for  permanent  fertility  of 
the  female  (except  in  some  species  such  as  Stethorus 
pusillus  that  lack  a spermatheca;  Putman  1955). 
Mating  had  a repeated  stimulatory  effect  on  the 
number  of  eggs  laid  in  A.  bipunctata  (Semyanov  1970). 
The  hatching  rate  in  Menochilus  sexmaculatus  was  64% 
after  multiple  matings  and  37%  after  only  a single 
mating  (Bind  2007).  Egg  hatching  rate  in  this  species 
decreased  after  separation  of  the  female  and  male; 
hatching  was  reduced  to  50%  by  50,  40  and  30  days 
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after  the  separation  (following  5,  10  and  20  matings, 
respectively)  (Omkar  & Mishra  2005a).  Results  with 
P.  dissecta  (Omkar  & Pervez  2005)  were  even  more 
striking:  65%  eggs  hatched  after  a single  mating,  72% 
after  two,  78%  after  three  and  93%  after  further  mul- 
tiple mating.  However,  the  physical  interference 
between  individuals  in  a limited  space  had  a small 
detrimental  effect  on  egg  viability  of  P.  dissecta:  96% 
of  the  eggs  laid  by  a single  mated  female  hatched,  while 
only  88%  of  the  eggs  hatched  when  laid  by  a female 
sharing  a 9 cm  Petri  dish  with  four  unmated  males 
(Mishra  & Omkar  2006). 

Mating  (or  repeated  mating)  refusal  by  ladybird 
females  has  been  observed  frequently,  but  the  causes 
and  consequences  of  such  behaviour  have  rarely  been 
revealed.  Two  prominent  hypotheses  are  that  resist- 
ance is  (i)  a means  of  avoiding  costly  and  dangerous 
mating  and  (ii)  a means  for  the  selection  of  high- 
quality  males.  Female  refusal  may  be  decreased  by  a 
nutritious  nuptial  gift,  i.e.  a spermatophore,  provided 
by  the  male.  The  above  hypotheses  were  investigated  in 
A.  hipunctata,  in  which  females  frequently  display 
strong  copulation  rejection  behaviour  and  ingest 
a spermatophore  after  copulation  (Perry  et  al. 
2009).  Females  deprived  of  food  for  96  hours  resisted 
mating  more  frequently  and  for  longer  periods  than 
less  starved  females  (starved  for  only  16  hours)  and  so 
they  re-mated  less  frequently.  The  finding  that  starved 
females  were  more  resistant  suggests  that  mating  is 
energetically  costly,  and  that  nuptial  consumption  of 
spermatophores  does  not  offset  these  costs  (Perry  et  al. 
2009). 

Female  longevity  decreased  with  increasing  number 
of  matings  in  both  Menochilus  sexmaculatus  and  P.  dis- 
secta, indicating  there  is  a cost  to  mating.  Thus  very 
high  mating  activity,  typical  of  many  ladybirds,  may 
have  a deleterious  effect  on  their  fitness  (Omkar  & 
Mishra  2005a).  Longevity  decreased  from  118  days  for 
single,  once-mated  females  to  76  days  for  repeatedly 
mated  females  of  Har.  axyridis.  Due  to  this  difference, 
once-mated  females  had  higher  lifetime  fecundity 
(1326  eggs,  hatchability  58%)  than  repeatedly  mated 
ones  (977  eggs,  51%;  Fois  et  al.  unpublished). 

There  was  a transient  benefit  from  polyandry 
(mating  with  several  different  males)  in  the  reproduc- 
tive success  of  A.  hipunctata  females.  Fecundity  and 
hatching  rate  were  lower  in  females  mated  10  times 
with  one  male  than  in  females  mated  once  with  10 
different  males  (Haddrill  et  al.  2007).  Promiscuous 


females  of  P.  dissecta  were  also  more  fecund  and  laid 
more  viable  eggs  than  monogamous  ones,  which  had 
been  confined  in  a cage  with  a single  male.  Amongst 
promiscuous  females,  those  mated  with  several  males 
(i.e.  there  was  freedom  of  mate  choice)  had  a signifi- 
cantly higher  reproductive  output  than  those  mated 
daily  with  a new  unmated  male  with  no  choice  (Omkar 
& Mishra  2005a). 

3. 5. 6. 2 Sperm  competition 

Earlier  studies  suggested  that  most  often  it  was  the 
sperm  of  the  last  male  (of  many  that  copulated  with 
the  female)  that  fertilized  the  eggs  (Ueno  1994, 1996). 
De  Jong  et  al.  (1993)  provided  evidence  for  almost 
complete  second  male  sperm  precedence  in  experi- 
ments with  melanic  and  non-melanic  A.  hipunctata 
providing  that  the  results  were  not  obscured  by  female 
rejection  behaviour.  In  a repeated  experiment, 
however,  there  was  a highly  variable  degree  of  pater- 
nity of  the  second  male  (de  Jong  et  al.  1998). 

Behavioural  and  molecular  genetic  data  were  used 
to  examine  how  sperm  from  several  males  was  used 
over  time  by  females  of  A.  hipunctata,  and  to  link  mating 
with  fertilization  (Haddrill  et  al.  2008).  In  the  labora- 
tory, the  number  of  mates  (males  that  copulated  with 
the  observed  female)  was  usually  similar  to  the  number 
of  fathers  (males  that  passed  their  genes  to  the 
progeny),  suggesting  that  females  have  little  post- 
copulatory  influence  on  the  paternity  of  their  eggs. 
Longer  copulation  resulted  in  a higher  probability  of 
paternity  for  any  particular  male,  probably  due  to  the 
transfer  of  larger  numbers  of  sperm  in  multiple  sper- 
matophores (Haddrill  et  al.  2008). 

3. 5. 6. 3 Female  choice  and  melanism 

Hodek  and  Ceryngier  (2000)  regarded  the  finding  that 
at  least  some  coccinellid  species  do  not  mate  at  random 
as  the  most  important  among  the  sexual  activities  of 
coccinellids. 

To  find  out  whether  ladybird  females  prefer  a specific 
male  phenotype,  e.g.  a colour  morph  in  polymorphic 
species,  choice  and  no-choice  mating  tests  can  be 
conducted.  Also,  observations  can  be  made  of  sea- 
sonal ehanges  in  the  frequency  of  colour  morphs 
(individuals)  and  of  pairs  of  different  composition  in 
the  field. 
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Lusis  (1961)  observed  that  matings  of  A.  hipunctata 
recorded  near  Riga  and  Moscow  involved  fewer  matings 
between  red  females  and  red  males  and  significantly 
more  black  males  in  pairs  than  would  be  expected  with 
random  mating.  He  hypothesized  that  the  higher 
sexual  activity  of  the  melanic  forms  was  due  to  their 
higher  metabolic  rate,  as  the  result  of  higher  absorb- 
ance of  solar  radiation.  However,  Creed  (1975)  did  not 
observe  this  phenomenon  in  a population  of  A.  hipunc- 
tata near  Birmingham.  Also  in  England,  Muggleton 
(1979)  found  that  mating  preference  was  affected  by 
the  frequency  of  the  different  forms:  regardless  of 
colour,  the  rarer  morph  was  preferred  by  females  of 
both  morphs.  Majerus  et  al.  (1982a)  reported  a prefer- 
ence for  melanic  males  in  another  English  population 
in  1981:  while  34%  of  the  non-mating  males  of  A. 
hipunctata  in  North  Staffordshire  were  melanics,  the 
melanic  proportion  of  mating  males  was  49%.  For 
melanic  females,  however,  the  proportion  was  about 
35%  for  both  mating  and  non-mating  ones.  The 
authors  (Majerus  et  al.  1982b)  demonstrated  a genetic 
basis  for  such  preferential  mating:  differential  competi- 
tiveness among  males  was  not  involved.  However,  the 
mechanism  whereby  females  recognize  melanic  males 
remains  unknown. 

Female  Hai:  axyridis  expressed  visible  mate  prefer- 
ence, by  rejecting  less-preferred  phenotypes,  and  cryp- 
tically by  retaining  eggs  for  longer  periods  after 
mating  with  less-preferred  males,  apparently  in  order 
to  replace  their  sperm  later  by  that  of  a more-preferred 
male.  Whereas  pair  formation  was  under  female 
control,  the  duration  of  copulation  was  under  male 
control.  Males  invested  more  time  in  mating  with  dis- 
similar females  (Wang  et  al.  2009).  Which  males  were 
preferred  was  not  clear-cut,  because  there  was  a pleio- 
tropic  effect  whereby  female  choice  varied  between  the 
spring  and  autumn  generations.  The  prevalence  of 
melanics  in  spring  decreased  in  summer  because 
females  preferred  mating  with  the  pale  succinea  morph 
(Osawa  & Nishida  1992).  In  the  summer  generation, 
melanics  were  more  successful. 

Several  studies  based  on  mate-choice  experiments 
have  shown  that  most  females  seemed  to  prefer  to  mate 
with  melanic  morphs,  especially  the  conspicua  morph. 
Thus  melanics  dominate  in  laboratory  cultures  and 
biocontrol  stocks  although  they  remain  relatively 
rare  in  the  wild  due  to  a set  of  selection  pressures  (Seo 
et  al.  2008). 

Two  alternative  hypotheses  have  been  offered  to 
explain  why  gender-specific  reproductive  behaviour 


may  vary  between  generations:  (i)  maternal  factors 
(epigenetic)  that  influence  the  expression  of  genes  in 
progeny,  and  (ii)  linkage  disequilibria  among  allele 
frequency  that  cycle  seasonally  as  a function  of 
assortative  mating  (Wang  et  al.  2009). 

In  field  populations  of  Har.  axyridis  in  China,  red 
phenotypes  outnumbered  melanics  by  5:1  in  the 
autumn,  but  melanics  became  equally  abundant  in  the 
spring,  suggesting  that  melanism  is  advantageous  in 
winter,  but  costly  in  summer  (Wang  et  al.  2009).  In  A. 
hipunctata,  melanic  forms  were  more  abundant  in  the 
autumn  than  in  the  spring  but  not  significantly  so 
(Majerus  & Zakcharov  2000,  Honek  et  al.  2005).  The 
representation  of  melanic  males  in  mating  pairs 
observed  in  a cage  experiment  was  higher  than  would 
be  expected  from  random  mating  (Majerus  et  al.  1 9 8 2 a) . 
Though  it  is  still  unknown  how  females  recognise 
melanic  males,  as  pointed  out  above,  O’Donald  and 
Majerus  (1989)  were  able  to  show  that  visual  dis- 
crimination by  females  was  not  involved.  Specific 
cuticular  alkanes  (Hemptinne  et  al.  1998)  may  be 
responsible  for  the  recognition,  and  higher  body  tem- 
perature and  activity  in  melanic  A.  hipunctata  under 
most  conditions  has  been  recorded  (De  Jong  et  al.  1 9 9 6) . 

In  the  related  A.  decempunctata,  the  proportion  of  the 
three  main  colour  morphs  (typica,  spotted:  decempustu- 
lata,  chequered:  bimaculata,  melanic)  was  found  to  be 
very  stable  both  in  space  and  time,  with  no  environ- 
mental selection  or  female  choice  (Banbura  & Majerus 
in  Majerus  1998,  Honek  et  al.  2005). 

Females  of  Har.  axyridis  uninfected  with  the  ectopar- 
asitic  fungus  Hesperomyces  virescens  were  preferred  by 
males  as  mating  partners  over  infected  ones  (Nalepa 
& Weir  2007). 

Melanic  as  well  as  typical  individuals  of  C.  septem- 
punctata  in  India  preferred  to  mate  with  melanic  forms 
of  the  opposite  sex.  Mate  choice  was  mainly  deter- 
mined by  females  and  to  a lesser  degree  by  males 
(Srivastava  & Omkar  2005).  While  Osawa  (1994)  sug- 
gested that  the  colour  of  the  elytra  of  Hai:  axyridis  is 
the  most  important  factor  in  mate  choice  by  females, 
Ueno  (1994)  stressed  that  size  and  activity  were 
important. 

Perry  et  al.  (2009)  investigated  whether  the  extent 
of  active  choice/rejection  of  males  by  females  depended 
on  male  size  or  whether  unspecified  rejection  pas- 
sively favoured  large  males  that  overwhelmed  the 
females.  They  found  that  the  extent  of  female  resist- 
ance was  independent  of  the  size  of  the  male,  but  that 
limited  resistance  resulted  in  a bias  towards  large  males 
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in  copulations.  A side  effect  of  imperfect  female  resist- 
ance would  be  expected  to  result  in  selection  for  large 
male  size.  However,  in  all  ladybirds,  males  are  still 
slightly  smaller  than  females,  as  also  applies  for  the 
majority  of  animals,  reflecting  the  higher  energetic 
and  nutritional  cost  of  producing  eggs  in  comparison 
with  sperm. 

3. 5. 6. 4 Hybridization 

Cases  of  spontaneous  interspecific  mating  in  the 
wild  are  rarely  reported  but  may  occur  relatively  often 
in  a limited  space  in  the  laboratory.  Cases  of  successful 
interspecific  reproduction,  i,e.  hybridization  are  even 
rarer.  Majerus  (1997)  listed  the  observations  of  inter- 
specific matings  in  the  field  (five  combinations,  includ- 
ing taxonomically  distant  species)  and  laboratory 
(eight  combinations,  also  with  unrelated  species). 
There  were  either  no  progeny  after  such  mating  or  the 
progeny  were  apparently  of  the  same  species  as  the 
female,  suggesting  that  the  female  was  already  mated 
with  the  same  species  male.  The  only  hybrid  progeny 
were  reported  for  a couple  consisting  of  an  A.  hipwic- 
tata  female  and  an  A.  decempunctata  male.  In  other 
hybridization  combinations  using  previously  isolated 
females,  eggs  showed  signs  of  development  but  did  not 
hatch  (embryonic  mortality),  or  larvae  died  in  the 
first  instar  (Anatis  ocellata  x An.  labicidata).  A hybrid 
between  P.  quatuordecimpunctata  and  P.  japonica  had 
decreased  fecundity  (lablokoff-Khnzorian  1982). 

Reproductive  isolation  between  two  related 
Henosepilachna  species  is  achieved  by  a combination  of 
two  mechanisms:  (i)  there  is  a choice  for  conspecific 
females  by  Henosepilachna  vigintioctomaculata  males;  (ii) 
there  is  a difference  in  the  intensity  of  male  rejection 
between  H.  vigintioctomaculata  females  (strong)  and  H. 
pustulosa  females  (weak)  (Matsubayashi  & Katakura 
2007).  Host  fidelity  functioned  as  a strong  barrier 
against  gene  flow  between  two  other  species  Henosepil- 
achna niponica  and  Henosepilachna  yasutomii,  but  occa- 
sional interspecific  mating  has  been  achieved  by 
addition  of  common  host  plant  (Hirai  et  al.  2006). 


3.5.7  Oviposition 

3. 5. 7.1  Oviposition  substrate 

Ovipositing  females  have  to  select  a suitable  place  for 
their  eggs.  This  selection  involves  balancing  several 


requirements  which  may  sometimes  even  be  conflict- 
ing: optimum  microclimate  for  embryonic  develop- 
ment, proximity  of  food  for  the  hatched  larvae,  and 
protection  from  predators,  parasites  and  competitors 
(5,4.1, 3), 

The  Coccidulini  lay  eggs  freely  on  the  leaf  surface 
(Klausnitzer  & Klausnitzer  1986),  Megalocaria  dilatata 
(Coccinellini)  lays  eggs  on  the  spines  of  plants  and 
makes  a barrier  preventing  an  access  to  the  egg  cluster 
with  a sticky  secretion  from  the  abdomen  (Liu  1933). 
The  aphidophagous  generalist  A.  bipunctata  laid  more 
eggs  (91%)  on  filter  paper  than  on  spruce  needles  (9%; 
Timms  & Leather  2007),  while  the  conifer  adelgid- 
eating  specialist  Aphidecta  obliterata  laid  more  eggs  on 
needles  (77%).  Many  aphidophagous  coccinellids  lay 
eggs  on  the  underside  of  filter  paper  when  in  labora- 
tory containers,  as  in  the  field  they  lay  eggs  on  the 
underside  of  the  leaves  on  broad-leaved  plants.  In  this 
way  the  coccinellids  may  reduce  the  risk  of  predation 
and  rain  washing  off  the  eggs.  Ladybirds  specialised  on 
conifer  trees  lay  eggs  on  the  needles  or  into  bark 
crevices. 

In  Japan,  C.  septempunctata  used  for  oviposition  arti- 
ficial insolated  objects  during  the  winter  (Ohashi  et  al. 
2005).  A.  bipunctata  avoided  laying  eggs  in  patches 
with  Lasius  niger  ants  (Oliver  et  al.  2008). 

Scymninae  often  hide  their  eggs  in  crevices  of  the 
substrate,  or  use  an  artificial  protection.  Females  of 
Sasajiscymnus  kurohimae,  feeding  on  eusocial  aphids, 
which  have  a soldier  caste  that  defend  their  colonies, 
protect  their  eggs  beneath  undigested  remnants  of 
eaten  aphids  (Arakaki  1988).  Scymnus  hoffmanni  simi- 
larly covers  its  eggs  with  cuticles  of  predated  aphids 
(Kawauchi  1985).  Eggs  of  Scymnus  louisianae  are  laid 
predominately  on  the  undersides  of  leaves,  nestled 
among  the  leaf  hairs  (Brown  et  al.  2003). 

Females  of  Chilocorinae  (e.g.  Chil.  rubidus)  lay  one 
egg  at  a time  under  the  scale  of  a larval  prey  coccid 
(Pantyukhov  1968).  Exochomus flavipes  have  occasion- 
ally been  observed  laying  eggs  into  a conspecific  empty 
pupae  from  which  a parasitoid  had  emerged  (Geyer 
1947). 

Two  whitefiy  predators,  Clitostethus  oculatus  (Scymn- 
inae) and  Delphastus  pusillus  (Microweiseinae)  lay  eggs 
singly  or  in  groups  of  2-4  on  leaf  surfaces,  where 
whitefiy  eggs  and  nymphs  are  abundant  (Liu  & Stansly 
1996a). 

In  Epilachninae  that  feed  on  plants  as  both  adults 
and  larvae,  it  is  often  difficult  to  distinguish  oviposition 
preference  from  adult  feeding  preference,  because 
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oviposition  is  likely  to  occur  at  or  near  feeding  sites.  In 
laboratory  assays,  the  distance  between  adult  feeding 
scars  and  egg  masses  of  Henosepilachna  niponica  was 
long  (2  5 cm)  and  the  females  often  placed  eggs  on  arti- 
ficial substrates  rather  than  leaf  discs  (Fujiyama  et  al. 
2008). 

3. 5. 7. 2 Oviposition  rhythmicity 

Many  activities  of  ladybirds  take  place  during  the  day, 
whereas  they  rest  during  the  night  (5. 4. 1.1).  However, 
the  oviposition  activity  of  several  species  in  India 
showed  the  opposite  trend  (Fig.  3.3).  There,  it  was 
found  that  C.  septempunctata  females  preferred  to  ovi- 
posit at  the  end  of  the  scotophase  and  in  the  early 
photophase  hours  (21.00-1.00,  where  0.00  means 
the  beginning  of  the  photophase),  P.  dissecta  laid  86% 
eggs  during  the  early  half  of  scotophase  (Mishra  & 
Omkar  2004)  or  that  they  laid  most  eggs  in  the  middle 
of  the  scotophase  (15.00-17.00).  C.  leonina  transversa- 
lis  laid  most  by  dusk.  i.e.  at  the  beginning  of  the  sco- 
tophase (11.00-13.00)  (Omkar  et  al.  2004).  In 
Menochilus  sexmaculatus  (Omkar  & Singh  2007),  the 
peak  of  oviposition  (62%)  was  attained  during  early 
scotophase  (12:00-15:00). 

3. 5. 7. 3 Oviposition  rate 

The  number  of  eggs  laid  per  day,  i.e.  daily  oviposition 
or  reproductive  rate,  increases  rapidly  during  several 
days  after  adult  eclosion,  to  reach  a maximum  (which 
may  equate  to  the  number  of  ovarioles  in  both  ovaries 
of  the  female)  at  about  two  or  three  weeks,  and  then 
slowly  decreases  during  the  remaining  life  span  of  the 
female,  which  might  be  several  months. 

These  changes  in  oviposition  rate  (rapid  increase  fol- 
lowed by  slow  decrease)  during  adult  life  can  be 
described  by  a triangular  fecundity  function  (Dixon 
2000).  The  pattern  can  be  fitted  by  a third  order  power 
function  (see  fig.  2.11b  in  Dixon  2000)  or  by  the  Bieri 
model  (Bieri  et  al.  1983,  for  its  use  see  Lanzoni  et  al. 
2004.andFig.  3.7c).TheBierimodel(Or  = (a-(age  - b))/ 
(exp(c-(age  - b))))  provides  a calculation  for  the  time  of 
peak  oviposition  rate.  The  age  specific  oviposition 
rate  can  also  be  fitted  by  a lognormal  or  other  asym- 
metric distribution  curve. 

The  increase  and  decrease  of  oviposition  rate  (age 
specific  fecundity)  can  also  be  almost  symmetric,  as 
in  Anegleis  cai'doni,  where  it  was  fitted  simply  by  a 


second  power  curve  (Omkar  et  al.  2009).  The  estima- 
tion of  age  at  peak  oviposition  tends  to  be  higher  when 
fitted  by  this  parabolic  curve  than  when  using  an 
asymmetric  distribution,  and  higher  for  treatments 
giving  long  (usually  in  better  conditions)  than  short 
oviposition  periods  (less  suitable  conditions).  Omkar  & 
Mishra  (2005)  distinguished  between  short-lived 
females,  that  distributed  their  reproduction  uniformly 
in  their  lifetime,  and  long-lived  females  which  showed 
a high  burst  of  reproductive  activity  followed  by  a 
gradual  decline. 

Egg  production  in  Scymnus  louisianae  was  found  to 
decrease  slowly,  and  it  was  rather  equally  distributed 
over  a female  lifespan  of  80  days,  though  there  was  a 
rapid  increase  during  6 days  after  adult  eclosion  and  a 
rapid  drop  during  last  10  days  of  life  (Brown  et  al. 
2003,  Fig.  3.7g).  The  females  of  Exochomus  qmdripus- 
tulatus  laid  eggs  in  an  irregular  pattern,  with  the 
number  of  eggs  deposited  within  a single  day  ranging 
from  1 to  11  at  a thermoperiod  of  9/19°C  and  from  1 
to  16eggsat  12/24°C;  the  oviposition  rate  hadarather 
bimodal  appearance  (Sengonca  & Arnold  2003;  Fig. 
3.7h).  The  rate  of  egg  production  of  Chil.  nigritus  fol- 
lowed a cyclical  pattern  that  lasted  for  approximately 
22  days  (Ponsonby  & Copland  2007). 

The  daily  oviposition  rates  of  C.  septempunctata  and 
P.  quatuordecimpunctata  were  not  related  to  female  size 
(Honek  et  al.  2008). 

Natality  (mj,  which  is  the  mean  number  of  female 
offspring  produced  per  surviving  female  during  age 
interval  x (Birch,  1948),  is  sometimes  used  instead  of 
oviposition  rate.  The  natality  of  Clitostethus  oculatus 
fluctuated  many  times  during  the  lifespan  of  females 
(Fig.  3.7b),  and  did  not  follow  the  typical  triangular 
fecundity  function  referred  to  above  (Ren  et  al. 
2002). 

3. 5. 7.4  Oviposition  period 

The  duration  of  the  period  between  the  first  and  the 
last  egg  batch,  the  oviposition  period,  is  a good  measure 
of  individual  fitness.  The  number  of  days  between  the 
last  oviposition  and  death  of  the  female  is  called  the 
post-oviposition  period.  It  can  be  zero,  when  a 
female  dies  during  its  reproductive  phase,  or  can 
last  from  a few  days  to  weeks  in  senescent  females. 
When  a mean  oviposition  rate  is  calculated  from  the 
total  lifetime  fecundity  of  a female,  only  the  reproduc- 
tive (=oviposition)  period  should  be  used  in  the 
denominator. 
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Figure  3.7  Age  specific  oviposition  rates  calling  into  question  the  general  occurrence  of  the  triangular  fecundity  function 
(Dfxon  2000).  (a)  Triangular  natality  (mj  with  tail,  Axinoscymnus  cardilobus  at  20“C  fed  with  Bemisia  tabaci  (after  Huang  et  al. 
2008);  (b)  polymodal  increasing  natality  of  Nephaspis  oculatus  at  31“C  fed  with  Bemisia  tabaci  and  B.  argentifolii  (after  Ren  et 
al.  2002);  (c)  Bieri  function  calculated  for  Harmonia  axyridis  (solid  line),  Hippodarnia  variegata  (dashed  line)  and  Adalia 
bipunctata  (dotted  line)  reared  on  Myzus  persicae  at  25°C  (after  Lanzoni  et  al.  2004);  (d)  polymodality  in  Chiloconis  nigritus  at 
30°C.  RH  62%  and  fed  with  Abgrallaspis  cyanophylli  (after  Posonby  & Copland  2007);  (e)  parabolic  (second  order  power) 
function  in  Anegleis  cardoni  fed  with  Lipaphis  erysimi  (crosses)  and  long  plateau  of  Anegkis  cardoni  fed  with  Aphis  craccivora 
(dots;  both  after  Omkar  et  al.  2009);  (f)  two  levels  in  Harmonia  axyridis  at  25“C  fed  with  Aphis  /abac  (after  Stathas  et  al.  2001); 
(g)  monotonous  level  (almost  constant)  in  Scymnus  louisianae  fed  with  Aphis  glycines  (Brown  et  al.  2003);  (h)  bimodality  in 
Exochomus  quadripustulatus  at  thermoperiod  9/19°C  fed  with  Pidvinaria  regalis  (Sengonca  & Arnold  2003). 
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The  length  of  the  oviposition  period  is  species- 
specific  and  decreases  rapidly  with  increasing  tem- 
perature, since  longevity  then  decreases.  The 
oviposition  period  of  Scynmus  levaillanti  lasted  87,  76, 
47  and  32  days  at  20,  25,  30  and  35°C  respectively 
(Uygun  & Atlihan  2000).  No  eggs  were  deposited  at 
15°C,  even  though  the  development  thresholds  for 
eggs  and  larvae  were  between  11-12°C.  The  oviposi- 
tion periods  of  Axinoscymnus  cardilobus  lasted  109,  61, 
and  17  days  at  17,  26  and  32°C,  respectively  (Huang 
et  al.  2008). 

The  oviposition  period  may  vary  with  food  quality. 
The  oviposition  period  was  22.4  days  in  C.  septempunc- 
tata  fed  with  the  cereal  aphid  Sitobion  avenae  (Rana  & 
Kakker  2000),  but  only  16  days  when  reared  on  Brevi- 
coryne  brassicae  (ElHag  & Zaitoon  1996).  In  Anegleis 
cardoni,  it  was  twice  as  long  (58  days)  on  Aphis  gossypii 
than  on  Lipaphis pseudobrassicae  (2  7 days)  (Omkar  et  al. 
2009). 

While  the  average  pre-oviposition  and  oviposition 
periods  in  melanic  colour  morph  of  C.  septempunctata 
in  India  were  10.2  and  68.9  days,  respectively,  they 
were  14.6  and  76.9  days  respectively  in  normal 
morphs  (Rhamhalinghan  1986). 

3.5.8  Fecundity 

The  total  lifetime  egg  production  (fecundity)  is  species- 
specific.  increasing  with  the  size  of  the  ladybird,  and 
dependent  on  temperature  and  on  the  quality  and 
quantity  of  food  both  during  the  pre-imaginal  devel- 
opment of  the  female  and  during  reproduction.  Fecun- 
dity is  also  influenced  by  mating  frequency,  age  of 
the  parents,  population  density,  illumination,  pho- 
toperiod. phenotype:  it  also  changes  with  generation, 
etc.  (Table  3.1).  It  is  the  product  of  daily  fecundity  (ovi- 
position rate)  and  the  duration  of  the  oviposition 
period. 

The  relationship  between  food  quantity  and  fecun- 
dity or  fertility  is  called  the  numerical  response 
(5.3).  The  shape  of  the  relationship  is  usually  a convex 
curve.  In  Scynmus  subvillosus  the  numerical  response 
was  similar  to  its  functional  response  that  matched 
Holling's  type  II  (Atlihan  & Giildal  2009).  A twofold 
increase  in  prey  density  (Aphis  gossypii)  brought 
about  a twofold  increase  in  lifetime  oviposition  and 
mean  oviposition  rate  in  C.  septempunctata  (Xia  et  al. 
1999). 


The  fecundity  of  Anegleis  cardoni  changed  with  food 
suitahility:  it  was  three  times  higher  on  Aphis  gossypii 
than  on  Lipaphis  pseudobrassicae,  while  the  oviposition 
period  was  twice  as  long  and  the  mean  reproductive 
rate  1.34  times  higher  (Omkar  et  al.  2009).  The  fecun- 
dity of  C.  septempunctata  was  35%  higher  when  fed 
with  Aphis  fabae  reared  on  a susceptible  cultivar  of  Vida 
faba  than  when  the  aphid  had  been  fed  on  a resistant 
one  (Shannag  & Obeidat  2008). 

A decrease  in  prey  density  (the  scale  Abgrallaspis 
cyanophylli)  caused  a significant  but  transient  decline 
in  egg  production  in  Chil.  nigritus.  A heterogeneous 
prey  population  (mix  of  diverse  developmental  stages) 
elicited  significantly  higher  levels  of  oviposition  at 
similar  host  densities  than  homogeneous  population 
(cohort  of  equally  aged  individuals),  irrespective  of 
the  growth  stage  of  the  prey  (Ponsonhy  & Copland 
2007). 

Of  five  generations  of  Cer.  undecinmotata  produced  in 
experimental  cages  during  a year,  the  greatest  numbers 
of  eggs  were  laid  by  females  of  the  first  and  second 
generations  (Katsoyannos  et  al.  1997). 

Crowding  has  an  adverse  effect  on  fecundity.  Indi- 
vidual females  of  Har.  axyridis  laid  an  average  of  1 3 
eggs  per  day,  while  females  grouped  as  10,  20,  30  and 
40  per  container  laid  9,6,3  and  2 eggs  per  day,  respec- 
tively (Abdel-Salam  & Abdel-Baky  2001). 

The  parasitoid  Dinocampus  coccinellae  has  been 
reported  as  having  a great  effect  on  the  fertility  of 
mature  female  ladybirds.  The  parasitoid  larva  nor- 
mally castrates  the  host  ladybird  and  usually  causes 
death.  However,  at  relatively  high  temperatures  (2  5°C), 
it  was  found  that  daily  numbers  of  coccinellid  eggs 
increased  during  two  days  after  parasitization  and  then 
gradually  decreased  to  stop  8-9  days  after  parasitiza- 
tion. Although  mortality  of  the  females  was  high 
(71%),  half  of  those  that  survived  began  to  oviposit 
again  12  days  after  the  parasitoid  larvae  had  emerged 
(Triltsch  1996). 

Melanic  females  of  C.  septempunctata  in  India  laid 
more  eggs  (302-412)  than  the  females  of  the  typical 
colour  morph  (278-379)  (Rhamhalinghan  1986). 
In  Micraspis  discolor  in  India,  fecundity  was  the  lowest 
at  the  lowest  experimental  temperature  of  20°C, 
highest  at  the  optimum  temperature,  and  decreased  at 
the  highest  temperature  of  30°C  (Omkar  & Pervez 
2002)  (3.6.4;  Fig.  3.8b).  In  Chil.  nigritus,  no  oviposi- 
tion occurred  at  the  low  temperature  of  18°C.  The 
lifetime  fecundity  increased  from  20  to  24°C  and  then 
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Figure  3.8  Temperature  effects  on  selected  parameters  of  adult  life,  (a)  longevity;  (b)  lifetime  egg  production;  (c)  net 
reproduction  rate  Ro  (Andrewartha  & Birch  1954);  (d)  intrinsic  rate  of  population  increase  r„  (Andrewartha  & Birch  1954). 
Data  for  12  coccinellid  species:  Aclalia  hipunctata,  ABIP  (Jalali  et  al.  2009):  Axinoscymnus  cardilohus,  ACAR  (Huang  et  al.  2008): 
Delphastus  catalinae.  DCAT  (Kutuk  & Yigit  2007);  Diomus  austrinus,  DAUS,  (Chong  et  al.  2005):  Parexochomus  nigromaculatus, 
ENIG  (Atlihan  & Ozgokce  2002);  Clitostethus  oculatus,  NOCU  (Ren  et  al.  2002);  Nephus  bisignatus,  NBIS  (Kontodimas  et  al. 
2007);  Nephus  includens,  NINC  (Kontodimas  et  al.  2007),  Lindorus  lophantae,  RLOP  (Stathas  2000);  Scyinnus  levaillanti,  SLEV 
(Uygun  & Atlihan  2000):  Scymnus  suhvillosus,  SSUB  (Atlihan  & Chi  2008);  Stethorus pusillus,  SPUN  (Roy  et  al.  2003). 
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decreased  up  to  30°C.  No  eggs  were  produced  at  34°C. 
However,  daily  fecundity  was  highest  at  30°C  (Pon- 
sonby  2009). 

The  reproductive  output  (percentage  of  body 
weight  allocated  to  reproduction  during  24  h)  was 
similar  (12.5%)  in  large  C.  septempunctata  and  small 
P.  quatuordedmpunctata  (Honek  et  al.  2008). 


3.5.9  Longevity 

3. 5.9.1  Voltinism 

The  number  of  generations  per  year  and  the  lifespan 
of  ladybirds  depend  on  the  climatic  conditions  in  the 
region.  However,  many  species,  even  in  warmer  cli- 
mates, normally  have  a single  generation  (are  univol- 
tinc),  and  live  for  one  year  including  several  months 
in  dormancy  (also  Chapter  6). 

In  several  species,  a second  overwintering  has  been 
reported  in  a minority  of  individuals.  Thus  there  are 
records  of  a second  hibernation  in  Calvia  quatuordec- 
imgutta  (Kanervo  1946),  in  P.  quatuordedmpunctata 
(Hariri  1966),  in  Stethorus pusillus  (Putman  1955),  in 
Aiolocaria  hexaspilota  (Iwata  1932,  Savoiskaya  1970) 
and  C.  septempunctata  (Sundby  1968).  Savoiskaya 
(1970)  reported  that  15-20%  of  a Har.  axyridis 
population  in  Kazakhstan  may  live  and  oviposit  for  3 
years. 

Epilachna  admirabilis  is  univoltine  in  northern  Japan 
and  hibernates  as  the  final  (fourth)  instar  larva.  Some 
of  the  resulting  adults  then  enter  a second  hibernation 
together  with  their  own  larvae  (Katakura  1976). 

Scymnus  sinuanodulus  regularly  lives  for  2 years  and 
the  fecundity  is  the  same  in  both  years  (Lu  & Mont- 
gomery 2001).  In  Pseudoscymnus  tsugae  the  mean  lon- 
gevity in  the  laboratory  was  163  and  126  days  for 
females  and  males,  respectively,  while  some  individuals 
of  both  sexes  lived  more  than  300  days  (Cheah  & 
McClure  1998),  suggesting  the  potential  for  a 2-year 
lifespan  in  the  field. 

While  central  European  populations  of  Cer.  undecim- 
notata  are  obligatorily  univoltine  (Ceryngier  et  al. 
2004),  at  least  a portion  of  the  Cer.  undecimnotata  pop- 
ulation in  central  Greece  may  complete  two  or  more 
overlapping  generations  per  year  under  artificial  condi- 
tions in  shaded  outdoor  cages  (Katsoyannos  et  al. 
1997;  6.2.8).  Hip.  variegata  may  complete  seven  gen- 
erations between  April  and  November  under  artificial 
conditions  in  outdoor  cages  in  Greece.  Adults  of  the 


6th  and  7th  generations  formed  the  hibernating  popu- 
lation (Kontodimas  & Stathas  2005). 

Coccinella  quinquepunctata,  C.  septempunctata  and  C. 
magniflea  are  potentially  polyvoltine  (Ceryngier  et  al. 
2004).  Heterogeneous  voltinism  (6. 2. 1.6)  appears  to 
be  one  of  the  factors  responsible  for  the  predominance 
of  C.  septempunctata  in  most  habitats  of  the  Palaearctic 
and  for  its  successful  invasion  of  the  Nearctic  Region 
(Hodek  & Michaud  2008).  The  very  successful  invader 
Har.  axyridis  regularly  has  two  generations  per  year, 
even  in  colder  temperate  countries  (Brown  et  al.  2008), 
and  unlike  other  ladybirds  even  reproduces  late  in  the 
season. 

The  lifespan  of  the  sequential  generations  of  poly- 
voltine species  usually  decreases  in  the  laboratory, 
probably  due  to  inbreeding  (6.2.1).  Thus,  in  four  suc- 
cessive generations  of  Menochilus  sexmaculatus  longev- 
ity was  respectively  87,  89,  63  and  50  days  in  males, 
and  111,  101,  90  and  50  days  in  females  (Hukushima 
& Kouyama  1974). 

The  overlap  of  generations  in  bivoltine  species  (such 
as  A.  bipunctata  in  Central  Europe)  enables  the  spread 
in  the  population  of  pathogens  and  parasites  such  as 
the  mite  Coccipolipus  hippodamiae  (Webberley  et  al. 
2006:  8.3). 

3. 5. 9. 2 Effect  of  temperature,  photoperiod 
and  humidity 

In  coccinellids,  as  in  other  exotherms,  life  span  short- 
ens with  increasing  temperature.  There  are  cases  of  a 
linear  decrease  of  life  span  with  temperature  (3.6.4; 
Fig.  3.8a).  For  example,  the  linear  decrease  was  clear 
in  Axinoscynmus  cardilobus  reared  at  six  temperatures; 
the  longest  longevity  was  163  days  at  1 7°C  compared 
with  only  34  days  at  32°C  (Huang  et  al.  2008).  Adult 
C.  novemnotata  lived  for  62,  48  and  21  days  at  21,  27 
and  32°C,  respectively  (McMullen  1967).  Olla  v-nigrum 
lived  for  172  days  at  15°C  and  only  51  days  at  25°C 
(Kreiter  & Iperti  1984).  Males  of  Iranian  population  of 
Stethorus  gilvifrons  reared  at  various  temperatures  from 
15  to  35°C  had  longest  and  shortest  longevities  of  18 
and  1 3 days,  and  1 7 and  9 days  for  females  (Taghiza- 
deh  et  al.  2008).  The  longevity  of  this  coccinellid  in 
Turkey  also  decreased  with  increasing  temperature 
(20,  25,  30°C)  and  this  was  not  affected  by  two  differ- 
ent photoperiods  (16L:8D  and  8L:16D)  (Aksit  et  al. 
2007).  Chil.  nigritus  lived  for  100-280  days  at  tem- 
peratures of  22-26°C,  65-115  days  at  30°C  and  only 
17-29  days  at  34°C  (Ponsonby  2009). 
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In  contrast,  in  Col.  maculata  no  such  a clear  tendency 
was  recorded:  longevity  was  73,  74,  77,  45  and  80 
days  at  19,  21,  23,  25  and  27°C,  respectively  (Wright 
& Laing  1978),  The  mean  adult  longevities  of  Delphas- 
tus  catalinae  were  40  days  at  a constant  30°C  and  42 
days  at  fluctuating  temperatures  of  25/35°C 
(Kutuk&Yigit  2007). 

The  longevity  of  females  of  Chil.  nigritus  increased 
with  increasing  relative  humidity  (162  days  at  40%, 
220  at  80%),  but  net  reproductive  rate  (Rq)  and  the 
maximum  intrinsic  rate  of  increase  (r^ax)  were  higher 
at  the  lower  humidity  (Senal  2006). 

3. 5.9. 3 Effect  of  food 

Adult  longevity  tends  to  be  longer  on  a more  suitable 
diet.  Longevity  of  Anegleis  cardoni  was  almost  double 
when  fed  the  more  suitable  prey  Aphis  gossypii  than 
when  fed  the  less  suitable  Lipaphis  pseudobrassicae 
(Omkar  et  al.  2009).  A diet  of  Myzus persicae  increased 
the  adult  longevity  and  fecundity  of  C.  undecimpunctata 
compared  with  one  of  Aphis  fahae  (Cabral  et  al.  2006). 
In  contrast,  however,  the  longevity  of  Chil.  nigritus 
was  almost  twice  when  fed  Aspidiotus  nerii  than  Abgral- 
laspis  cyanophylli,  although  the  latter  would  appear 
the  more  suitable  prey  since  it  more  than  doubled 
fecundity  (Ponsonby  2009).  Moreover,  the  adult  lon- 
gevities of  Hai:  axyridis  and  A.  bipunctata  females  did 
not  differ  significantly  when  reared  as  larvae  on  differ- 
ent diets  (either  natural  or  artificial)  and  then  on  arti- 
ficial diet  as  adults  (120  tol41  or  74  to  118  days, 
respectively:  Ware  et  al.  2008).  The  longevity  of 
females  (59-76  days)  and  males  (54-64  days)  of  P. 
quatuordedmpunctata  was  only  little  affected  by  seven 
aphid  species  provided  as  different  food  (Kalushkov  & 
Hodek  2005). 

The  longevity  of  Har.  axyridis  fed  with  Aphis  glycines 
reared  on  three  susceptible  varieties  of  soybean  was 
greater  (12.5  days)  than  on  three  resistant  varieties 
(7.3  days)  (Lundgren  et  al.  2009).  In  contrast,  the 
adult  longevity  of  C.  septempunctata  was  not  affected  by 
whether  Aphis  fabae  was  reared  on  a susceptible  (major) 
or  on  a partially  resistant  (79S4)  cultivar  of  Viciafaha 
(Shannag  & Obeidat  2008).  No  significant  differences 
were  reported  in  longevity  or  other  characteristics  of 
Col.  maculata  fed  with  Bt-transgenic  corn  pollen, 
non-Bt  pollen,  or  Schizaphis  graminum  (Ahmad  et  al. 
2006).  Also  P.  japonica  was  not  affected  when  fed  with 
Aphis  gossypii  reared  on  either  transgenic  or  non- 
transgenic  cotton  (Zhu  et  al.  2006). 


The  quantity  of  food  has  inconsistent  effects  on  lon- 
gevity. Increased  prey  (Hyalopterus  pruni)  consumption 
did  not  change  the  longevity  of  Scymnus  subvillosus, 
but  did  result  in  a higher  intrinsic  rate  of  increase 
(Atlihan  & Giildal  2009).  When  the  food  provided  to 
Har.  axyridis  was  limited,  mean  longevity  increased 
although  mean  reproductive  life  span  and  fecundity 
were  reduced  (Agarwala  et  al.  2008).  However,  there 
was  a difference  between  groups  of  individuals,  with 
one  group  showing  a positive  correlation  and  the  other 
group  a negative  correlation  between  reproduction 
and  longevity. 

3. 5. 9. 4 Effect  of  sexual  activity 

Males  may  have  a longer  or  shorter  longevity  than 
females.  Female  Psyllobora  confluens  lived  46  days,  but 
males  59  days,  when  fed  with  Erysiphe  cichoracearum 
(Cividanes  et  al.  2007).  In  contrast,  the  mean  longev- 
ity of  female  Serangium  parcesetosum  was  longer  (71 
days)  than  that  of  males  (60  days)  (Al-Zyoud  et  al. 
2005).  There  was  no  significant  difference  between  the 
longevities  of  male  and  female  P.  quatuordecimpunctata 
(Kalushkov  & Hodek  2005),  but  in  Chil.  nigritus,  males 
are  on  average  longer-lived  than  females  (Ponsonby 
2009). 

Ageing  trends  were  sex  dependent  in  P.  dissecta,  with 
reproductive  performance  declining  later  in  females 
than  in  males  (Mishra  & Omkar  2006). 

There  is  a strong  trade-off  between  the  number  of 
matings  and  longevity.  Longevity  decreased  with  an 
increasing  number  of  matings  in  both  Menochilus  sex- 
maculatus  and  P.  dissecta  indicating  a cost  of  mating 
(Omkar  & Mishra  2005).  Post-hibernation  longevity 
was  much  shorter  (76  days)  in  females  of  Har.  axyridis 
that  lived  with  male  in  limited  space  and  mated  regu- 
larly than  in  females  mated  before  hibernation  and 
then  maintained  without  a male  (107  days)  and  also 
much  shorter  than  in  virgin  females  (135  days)  (Fois 
et  al.  unpublished). 


3.6  TEMPERATURE  AND 
DEVELOPMENT 

Finally,  we  provide  a general  account  of  the  more 
recent  research  on  the  main  factor  influencing  coc- 
cinellid  development,  namely  temperature.  Earlier 
data  have  been  reviewed  by  Honek  (1996).  The  life  of 
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exotherms,  with  their  limited  capacity  for  thermoregu- 
lation. is  dependent  on  the  external  temperature.  This 
restricts  the  range  of  conditions  in  which  they  can 
survive,  determines  the  rate  at  which  life  processes 
proceed  within  this  range  and,  together  with  body  size 
(Gillooly  et  al.  2002),  controls  the  fitness  of  the  organ- 
ism (Kingsolver  & Huey  2008).  Temperature  deter- 
mines the  length  of  development  of  the  immature 
stages,  the  length  of  the  teneral  period  from  adult 
ecdysis  to  first  oviposition,  the  quantity  and  duration  of 
oviposition  and  the  length  of  life.  The  role  of  tempera- 
ture in  survival  during  hibernation  and  aestivation  is 
described  in  6.4.4. 


3.6.1  Thermal  constants 

Growth  and  development  of  pre-adult  stages  occur 
only  across  a specific  range  of  temperature.  Within  this 
range  the  development  time  and  rate  of  develop- 
ment (a  reciprocal  of  development  time)  vary  with 
temperature.  The  lower  temperature  threshold  is 
the  temperature  below  which  a particular  stage  of  an 
animal  cannot  develop.  After  some  time  (3. 6. 4.1)  it 
dies,  probably  because  of  the  loss  of  correlation 
between  physiological  and  behavioural  functions.  At 
the  other  extreme,  the  range  of  tolerated  temperature 
is  limited  by  the  upper  temperature  threshold  at 
which  the  animal  dies  from  heat. 

The  relationship  between  the  rate  of  development 
and  temperature  is  linear  only  within  the  range  of 
what  are  called  the  ecologically  relevant  tempera- 
tures at  which  most  of  the  life  activities  of  the  animals 
take  place.  Close  to  the  upper  development  limit,  the 
relationship  becomes  non-linear,  attains  its  highest 
point  at  the  temperature  optimum  where  develop- 
ment rate  is  highest  (i.e.  development  time  shortest), 
and  it  then  decreases  sharply  as  the  upper  lethal  tem- 
perature limit  is  approached.  The  relationship  between 
the  rate  of  development  and  temperature  thus  typically 
has  the  shape  of  a right  skewed  peak,  whose  left  slope 
also  may  divert  from  linearity  near  the  lower  develop- 
ment threshold  (Gilbert  & Raworth  1996).  Several 
models  which  have  been  proposed  to  approximate  this 
course  of  development  rate  with  temperature,  e.g. 
those  of  Lactin  et  al.  (1995)  and  Briere  et  al.  (1999) 
which  enable  the  calculation  of  temperature  optima 
and  upper  lethal  temperatures,  were  reviewed  by  Kon- 
todimas  et  al.  (2004). 


A linear  model  approximates  the  course  of  devel- 
opment rate  in  the  ecologically  relevant  temperature 
range  and  enables  the  calculation  of  two  thermal  con- 
stants. The  first  of  these  is  the  above-mentioned  lower 
development  threshold  (LDT;  Honek  & Kocourek 
1988),  also  known  as  the  basal  temperature  Tb 
(Trudgill  et  al.  2005),  and  which  is  the  temperature 
below  which  development  ceases.  The  other  constant 
is  the  sum  of  effective  temperatures  SET  or,  in 
other  words,  the  thermal  time  T which  is  the  number 
of  day  degrees  [dd]  above  LDT  for  completion  of  a 
developmental  stage).  It  has  to  be  remembered  that 
LDT  is  a virtual  value,  but  it  is  convenient  for  predicting 
temperature  effects  under  ecologically  relevant  tem- 
peratures. Under  real  conditions  development  is 
already  seriously  impaired  below  a temperature  higher 
than  the  LDT  by  some  2-4°C. 

3.6.2  Relationship  between  LDT  and  SET 

Recent  results  on  the  effects  of  temperature  on  pre- 
imaginal  development  (Table  3.3)  contain  data  for  44 
populations  of  25  coccinellid  species.  The  results 
confirm  the  conclusion  of  the  earlier  review  of  Honek 
(1996)  that  coccinellids  are  warm-adapted  species 
with  a relatively  high  LDT  (mostly  between  9-1 5 °C; 
17°C  for  tropical  Chil.  nigritus;  Ponsonby  2009)  and  a 
low  SET  (200-320dd  for  total  development:  but  over 
500dd  for  small  coccidophagous  species;  Table  3.3). 
For  the  whole  family  Coccinellidae,  the  average  LDT 
calculated  from  Table  3.3  for  eggs,  larvae,  pupae  and 
total  development,  respectively,  is  9.8,  9.3,  10.1  and 
10.1°C  and  the  average  SET  is  64, 167,  78  and  304dd. 
Another  plot  of  data  for  many  species,  both  aphidopha- 
gous  and  coccidophagous,  resulted  in  a LDT  of  about 
10°C  (Dixon  et  al.  1997). 

The  combination  of  a high  LDT  and  a low  SET  guar- 
antees a fast  development  at  high  temperatures,  in 
contrast  to  cold  adapted  species  whose  LDT  is  low  and 
SET  high  (Trudgill  1995).  This  adaptive  covariance  of 
thermal  constants  results  in  a negative  relationship 
between  LDT  and  SET  (Honek  & Kocourek  1988),  and 
this  also  holds  for  data  presented  in  this  chapter  (Fig. 
3.9).  Interpretation  of  this  correlation  is  difficult, 
because  the  negative  slope  of  the  regression  of  the  LDT 
on  the  SET  is  both  a consequence  of  biological  varia- 
tion and  a statistical  artefact.  For  a detailed  discussion 
of  this  matter,  see  Honek  (1996). 


Table  3.3  Thermal  constants,  lower  development  threshold  LDT  (°C)  and  sum  of  effective  temperatures  SET  (dd)  for  the  development  of  egg,  larva,  pupa  and 
total  pre-adult  development.  Calculated  using  a linear  model  of  the  development  rate  vs,  temperature  relationship  and  data  of  temperatures  <30°C,  Development 
time  of  the  prepupae  included  in  the  larval  stage. 
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Figure  3.9  Lower  development  threshold  LDT  plotted  against  sum  of  effective  temperatures  SET  in  pupae  of  32  species  of 
coccinellid  listed  in  Table  3.3  (data  for  three  outlier  species  excluded).  LDT  = 14.7  - 0.0553  SET.  = 0.239.  P < 0.005. 


3.6.3  Thermal  window  and  development 
rate  isomorphy 

Two  recent  developments  have  provided  rules  that 
govern  the  temperature  relationships  of  different 
species.  A meta-analysis  of  data  for  many  insect  species 
has  revealed  that  the  span  between  the  LDT  and  the 
optimum  temperature  for  each  individual  species  is 
about  20°C.  regardless  of  whether  the  species  are 
adapted  to  cold  (i.e.  have  a low  LDT)  or  warm  condi- 
tions (Dixon  et  al.  2009).  The  existence  of  this  thermal 
window,  an  intrinsic  limit  on  thermal  requirements, 
stresses  the  necessity  of  adaptation  to  the  thermal  con- 
ditions prevailing  in  the  geographic  area  and  in  the 
ecological  niche  inhabited  by  the  population.  Another 
study  Qarosik  et  al.  2002)  revealed  that,  in  a popula- 
tion of  any  particular  species,  the  LDT  of  the  egg,  larva 
and  pupa  is,  in  fact,  identical  and  any  experimentally 
established  differences  are  probably  caused  by  an 
observational  bias.  As  a result,  each  developmental 
stage  takes  a constant  proportion  of  the  total  develop- 
ment time  and  this  proportion  of  development  time 
does  not  change  with  temperature.  This  phenomenon 
was  called  development  rate  isomorphy  and  was 
tested  with  426  populations  belonging  to  342  species 
of  insects  and  mites,  fn  a rigorous  test,  development 


rate  isomorphy  was  demonstrated  for  243  (57%)of  the 
populations  and  any  violation  of  this  principle  in  the 
rest  of  the  species  was  very  small.  The  existence  of 
the  ‘thermal  window’  and  ‘development  rate  isomor- 
phy’ was  tested  and  demonstrated  to  be  true  for  a 
number  of  coccinellid  species  (Jarosik  et  al.  2002). 

3.6.4  Other  events  affected  by  temperature 

The  prevailing  temperature  during  pre-adult  develop- 
ment influences  adult  body  size  but  its  effect  is  difficult 
to  separate  from  the  effect  of  the  rate  of  food  consump- 
tion. Recent  results  from  Diomus  austrinus  (Chong  et  al. 
2005)  and  Aphidecta  obliterata  (Timms  & Leather  2008) 
were  ambiguous,  since  temperature  affected  the  body 
weight  of  males  and  females  in  a different  way  in  the 
two  species. 

Temperature  further  determines  the  course  of  events 
of  adult  life.  The  thermal  requirements  for  completing 
teneral  development,  i.e.  the  time  from  moult  to 
adult  to  the  first  oviposition,  can  also  be  approximated 
by  a linear  relationship  between  development  rate  and 
temperature,  but  of  course  only  if  dormancy  does  not 
take  place.  The  average  threshold  temperature  LDT  cal- 
culated from  data  in  Table  3.4  (without  the  outlier  at 
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Table  3.4  Thermal  constants,  lower  development 
threshold  LDT  (“C)  and  sum  of  effective  temperatures  SET 
(dd)  for  teneral  pre-oviposition  period.  Calculated  using  a 
linear  model  of  development  rate  vs.  temperature 
relationship,  and  data  of  temperatures  <30“C. 


Species 

LDT 

SET 

Reference 

Adalia  bipunctata* 

10.9 

69.1 

Jalali  et  al.  (2009) 

Adalia  bipunctata* 

1.3 

142.4 

Jalali  et  al.  (2009) 

Axinoscymnus 

7.8 

127.4 

Huang  et  al.  (2008) 

cardilobus 

Clitostethus 

5.1 

317.3 

Ren  et  al.  (2002) 

oculatus 

Delphastus 

10.9 

93.0 

Kutuk  & Ylgit  (2007) 

catalinae 

Nephus  bisignatus 

10.0 

102.1 

Kontodimas  et  al. 

Nephus  includens 

10.7 

86.5 

(2004) 

Kontodimas  et  al. 

Olla  v-nigrum 

13.5 

138.8 

(2004) 

Krelter  (1 985) 

Scymnus 

10.9 

93.0 

Athhan  & Chi  (2008) 

subvillosus 

* different  food  type. 


1.3°C  LDT)  is  9.5°C,  which  is  similar  to  the  LDT  for 
immature  stages.  The  average  sum  of  effective  tem- 
perature SET  for  teneral  development  is  127dd. 

Further  important  effects  of  temperature  concern 
reproduction.  Temperature  influences  longevity, 
the  number  of  eggs  laid  and  the  distribution  of  oviposi- 
tion  through  adult  life.  The  data  for  nine  species  (Fig. 
3.8)  reveal  a uniform  trend.  Mean  longevity  decreases 
monotonically  with  increasing  temperature  (Fig.  3.8a) 
but  the  production  of  eggs  peaks  at  around  25°C  (Fig. 
3.8b).  Using  the  distribution  of  mortality  and  oviposi- 
tion  in  time,  it  is  possible  to  calculate  the  innate 
capacity  for  increase,  which  also  depends  on  tem- 
perature, of  a coccinellid  population  (for  details  see  e.g. 
Andrewartha  & Birch  1954). 

Parameters  of  offspring  production,  net  reproduc- 
tion rate  Rq  (Fig.  3.8C)  and  intrinsic  rate  of  popu- 
lation increase  (Fig.  3.8d)  are  also  temperature 
sensitive  and  peak  between  25-30°C  as  in  P.  japonica, 
where  the  highest  of  0.113  occurred  at  2 5°C  (Chi  & 
Yang  2003).  In  Stethorus  pusillus,  the  followed  a 
typical  asymmetrical  dome-shape  pattern,  as  tempera- 
ture increased,  with  maximum  values  of  0. 1 9 6 per  day 
at  30°C  (Roy  et  al.  2003).  Nevertheless,  there  exist 
warm-adapted  species  like  Stethorus  gilvifrons  (Mulsant) 
whose  fecundity,  Rq  and  peak  at  35°C  (Taghizadeh 


et  al.  2008).  While  Ro  was  highest  (130)  at  26°C  and 
lower  at  both  lower  (22°C,  115)  and  higher  tempera- 
tures (30°C,  82),  r^  was  greatest  at  the  highest  tem- 
perature in  Chil.  nigritus  (Ponsonby  2009). 

3.6.4. 1 Tolerance  to  extreme  temperatures 

The  supercooling  point  (SCP;  Chapter  6)  is  naturally 
low  for  non-feeding  stages,  i.e.  eggs  and  pupae,  and 
high  for  larvae  and  adults.  The  mean  SCP  of  Har. 
axyridis  eggs  was  -2  7°C,  and  -2 1°C  for  pupae,  while 
it  was  -14°C  for  larvae  and  -1.9°C  for  adults  (Koch 
et  al.  2004).  The  mean  SCP  of  fresh  eggs  of  C.  septem- 
punctata  was  -27°C  and  for  older  eggs  it  was  -24.5°C, 
probably  due  to  accumulation  of  metabolic  water  in 
the  embryo  (Nedved  1994).  Wild-collected  pupae  of  C. 
septempiinctata  in  June  and  July  had  a SCP  of  -19°C. 
The  mean  SCP  increased  during  larval  development  in 
Cei:  undedmnotata  (Nedved  1994):  from  -20°C  in  the 
second  instar,  through  -16°C  in  the  third  , to  -9°C  in 
the  fourth  instar.  In  contrast,  older  and  larger  fourth 
instar  larvae  of  Exochomus  quadripustulatus  had  a 
lower  SCP  (-17°C)  than  smaller  larvae  of  the  same 
instar  (-10°C)  (Nedved  1994). 

The  survival  of  third  and  fourth  instar  larvae  of  C. 
imdecimpunctata  was  higher  than  that  of  first  and 
second  instars  when  exposed  to  6°C  for  a week.  Larval 
survival  declined  sharply  after  15  days.  There  was  only 
25%  adult  emergence  from  pupae  chilled  for  30  days. 
Adults  survived  the  extended  periods  of  cold  storage 
better  than  the  other  developmental  stages  (Abdel- 
Salam  & Abdel-Baky  2000). 

Adults  and  second  instar  larvae  of  Har.  axyridis  were 
heat  stressed  at  35°C,  and  showed  high  mortality  at 
40°C,  but  these  hot  conditions  were  tolerated  by  all 
other  stages  (Acar  et  al.  2004).  In  our  experiments 
with  Har  axyridis  (Fois  & Nedved,  unpublished),  100% 
mortality  occurred  in  the  egg  and  pupal  stages  at 
3 5°C.  The  supercooling  point  (-1 7°C)  and  lower  lethal 
temperature  (-16.7°C)  remained  relatively  constant 
for  the  overwintering  populations  in  the  outdoor  hiber- 
naculum.  In  contrast,  the  supercooling  point  and 
lower  lethal  temperature  of  the  population  overwinter- 
ing indoors  clearly  increased  as  the  winter  progressed, 
from  -18.5  to  -13.2°C  and  -16.7  to  -14.1°C,  respec- 
tively (Berkvens  et  al.  2010). 

The  lower  and  upper  thresholds  for  survival  for  24 
hours  of  Delphastus  catalinae  were  around  0 and  40°C, 
respectively.  Survival  of  their  pupae  was  similar  to  that 
of  adults  (Simmons  & Legaspi  2004).  The  first  three 
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instars  of  Scymnus  marinus  had  an  optimum  tem- 
perature for  development  of  30°C;  they  also  devel- 
oped at  35°C  but  all  died  at  40°C.  In  contrast,  the 
fourth  instar  larvae,  prepupae  and  pupae  of  this  species 
did  develop  at  40°C,  although  at  a slower  rate.  The 
temperature  optimum  in  these  stages  remained  30°C 
(M'Hamed  & Chemseddine  2001), 

In  conclusion,  coccinellids  are  average  athletes  in 
the  wrestling  match  that  Life  has  with  Ambient  Tem- 
perature, Within  the  range  of  performance  of  insects, 
coccinellids  are  no  extremophiles;  they  do  not  live  in 
particularly  cold  or  warm  conditions  - or  at  least  no 
such  species  have  as  yet  been  discovered, 
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4.1  INTRODUCTION 

In  the  present  epoch  of  molecular  and  mathematical 
approaches  to  biology  we  may  ask,  at  the  beginning  of 
this  chapter,  why  should  one  review  and  stimulate 
research  of  something  as  basic  and  simple  as  studies  of 
coccinellid  habitats.?  Our  response  is  that  habitat 
studies,  i.e.  the  study  of  where  coccinellids  live,  are 
indispensable.  Knowledge  of  where  the  coccinellid  lives 
provides  basic  information  necessary  for  studies  of 
ecology  (determining  species  niches),  ecophysiology 
(food  and  microclimatic  preferences),  biogeography 
(the  factors  limiting  coccinellid  distribution)  and  other 
disciplines.  Habitat  studies  thus  link  natural  reality 
with  theory.  Predictions  of  hypotheses  derived  from 
biological  theories  could  of  course  be  tested  in  the  labo- 
ratory, if  not  solely  on  a computer.  However,  the  final 
proof  of  the  reality  of  such  predictions  can  be  done 
only  after  relating  the  ideas  back  to  nature,  and  this 
means  studying  the  presence  and  habits  of  coccinellids 
in  natural  habitats.  Therefore  the  methods  and  results 
of  habitat  studies  are  of  utmost  importance.  In  this 
chapter  we  review  the  methods  of  collection  and 
description  of  data  concerning  habitats,  and  interpret 
them  in  terms  of  the  factors  that  cause  variation  in 
abundance  while  trying  to  keep  a balance  between 
earlier  results  and  recent.  Examples  of  coccinellid  com- 
munities from  economically  important  crops  or  in- 
tensively studied  natural  biotopes  are  provided  and 
discussed  at  the  end  of  this  chapter. 

The  main  difficulty  of  habitat  studies  is  to  define 
what  is  the  ‘habitat’.  Man  has  a tendency  to  view  his 
environment  in  terms  of  his  own  activities.  Crops, 
gardens,  forests  or  urban  areas  are  automatically  rec- 
ognized as  habitats.  However,  the  vegetation,  although 
uniform  from  our  point  of  view,  may  be  a mosaic  of 
environments  with  often  dramatically  differing  quali- 
ties. On  the  other  hand,  natural  objects  which  appear 
different  to  our  perception  may  be  part  of  an  integral 
habitat  from  the  point  of  view  of  coccinellids.  Two 
adjacent  and  evenly  developed  crops  of  different  cereal 
species,  two  rows  of  garden  trees  each  of  a different 
species  may  represent  a uniform  habitat  because  of  the 
absence  of  any  difference  that  is  important  for  the  coc- 
cinellids. Since  coccinellids  can  distinguish  and  select 
habitats  with  the  qualities  important  to  them,  we  too 
should  aim  to  distinguish  the  boundaries  of  habitats 
and  consider  the  environment  from  the  ‘point  of  view 
of  a coccinellid'.  Here  we  try  to  show  some  factors 
important  for  coccinellid  decisions.  The  selection  of 


these  factors  is  based  on  our  personal  experience  and 
is  probably  far  from  complete.  However,  we  believe  that 
considering  at  least  these  factors  may  contribute  to 
understanding  coccinellid  distribution. 

A habitat  is  populated  by  a specific  community  of 
coccinellid  species.  Here,  the  term  ‘community’ 
is  used  in  its  broadest  sense  as  a set  of  coccinellid 
individuals  present  in  a given  habitat  at  a particular 
time.  We  prefer  this  vague  terminology  over  a detailed 
definition.  Such  a definition  usually  includes  informa- 
tion concerning  the  previous  history  of  the  community 
(permanence  in  time,  details  of  its  origin)  or  the  moti- 
vation of  the  animals  that  make  up  the  community 
(hibernation,  search  for  food).  In  the  field,  even  the 
obvious  causes  are  difficult  to  understand  and  includ- 
ing further  criteria  would  only  add  a good  deal  of 
speculation.  Perhaps  this  remark  is  superfluous  since, 
in  fact,  use  of  the  vast  terminology  attempting  to 
classify  communities  is  in  decline,  leaving  room  for 
new  understanding  of  factors  contributing  to  the 
structure  of  communities. 


4.2  SAMPLING 

Sampling  is  the  initial  phase  in  investigating  the  pres- 
ence of  coccinellids  in  a particular  habitat.  We  may  be 
interested  in  the  proportion  of  different  species  in  the 
entire  family  Coccinellidae  (relative  abundance),  or  in 
the  absolute  abundance  (i.e.  numbers  per  unit  area). 
Maximizing  the  reliability  of  sampling  is  a prerequisite 
for  making  correct  ecological  conclusions  and  already 
at  this  stage  of  investigation  there  arise  problems.  Each 
sampling  method  only  provides  a differently  biased 
estimate  of  relative  and  absolute  abundance.  The  bias 
may  arise  from  several  sources:  uneven  distribution  of 
species  in  the  vegetation  cover;  different  behaviour 
of  coccinellids  in  relation  to  daily  changes  of  light 
intensity,  temperature  and  humidity:  fluctuations  of 
weather:  different  escape  reactions  of  species  and 
stages  during  the  sampling  procedure;  different  con- 
spicuousness to  the  collector.  Generally,  it  is  easier  to 
collect  adults  than  larvae,  and  the  first  and  second 
instars  cannot  be  counted  with  any  accuracy  in  the 
field.  Here  we  review  the  different  methods  used  for 
sampling  coccinellids,  how  they  are  influenced  by  envi- 
ronmental factors  and  the  efforts  that  have  been  made 
to  standardize  their  results  under  different  conditions, 
as  well  as  attempts  to  recalculate  ‘absolute’  from  ‘rela- 
tive’ abundance. 
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Several  methods  were  tested  for  sampling  from  her- 
baceous stands.  Collecting  coccinellids  by  hand- 
picking from  small  plots  ('quadrat  sampling’)  was  the 
sampling  technique  that  gave  the  highest  estimates  of 
numbers  per  unit  area,  probably  giving  densities  close 
to  the  true  coccinellid  abundance  (Michels  et  al.  199  7). 
True  numbers  of  coccinellid  adults  and  larvae  were 
established  by  sampling  out  a 1 m^  area  fenced  by  a 
40  cm  plywood  enclosure,  until  both  plants  and  ground 
were  clean  of  the  insects.  This  method  could  be  recom- 
mended for  future  studies  as  the  yardstick  of  ‘true 
abundance’  of  coccinellids  for  evaluating  the  efficiency 
of  other  methods.  Lower  abundances  were  obtained  by 
'removal  sampling',  which  consisted  of  two  15-min 
periods  of  picking  coccinellids  from  an  unfenced  area 
of  25  m^.  The  differences  between  the  results  of  both 
these  methods  were  not  significant  for  three  (Hip.  con- 
vergens,  Hip.  sinuata,  C.  septempunctata)  species  but  not 
for  Col.  maciilata  (Michels  et  al.l997). 

Sweeping  with  a sweep  net  is  probably  the  most 
widely  used  method  which  measures  an  unknown 
function  of  coccinellid  numbers  and  activity.  It  samples 
a narrow  upper  stratum  of  vegetation  and  the  number 
of  insects  available  for  collecting  is  therefore  dependent 
on  plant  stand  height  (Elliott  et  al.  1991).  This  relative 
method  is  also  sensitive  to  the  weather  and  to  diurnal 
changes  in  coccinellid  activity.  Studies  on  the  efficiency 
of  this  method  have  established  a significant  although 
sometimes  low  correlation  between  abundance  estab- 
lished by  sweeping  and  hand-picking.  The  magnitude 
of  the  error  of  the  estimate  of  coccinellid  abundance 
decreases  and  species  presence  increases  with  the 
number  of  sweeps  in  a non-linear  convex  manner 
(Elliott  & Kieckhefer  1990). 

Hand-shaking  plants,  an  alternative  to  sweeping, 
is  not  used  frequently,  but  is  a convenient  way  of  sam- 
pling wild  herbaceous  plants.  Arefin  and  fvliev  (1988) 
compared  its  efficiency  with  sweeping  in  capturing  dif- 
ferent species  (C.  septempunctata,  Har.  axyridis  and 
P.  quatiiordecimpunctata)  and  different  developmental 
stages  and  found  a high  correlation  between  the  results 
of  both  methods. 

Visual  counting  on  a transect  (walking  counts)  is 
quick  but  weather  sensitive:  it  is  particularly  conven- 
ient for  recording  highly  visible  brightly  coloured 
adults,  e.g.  C.  septempunctata.  This  method  exploits  the 
thermoregulatory  behaviour  of  ladybirds  - basking  in 
the  sunshine  on  cool  days.  The  basking  individuals  are 
counted  by  a person  who  walks  with  the  sun  behind 


them.  The  method  could  be  used  for  a quick  compari- 
son of  coccinellid  abundance  in  different  crops  and 
can  supplement  or  replace  sweeping  (Honek  1978a, 
1982a,  Lapchinetal.  1987,  fpertiet  al.  1988).  Michels 
& Behle  (1992)  found  that  visual  counting  was 
the  best  method  for  estimating  abundance  of  Hippoda- 
mia  species  in  grain  sorghum.  Differences  between 
observers  could  be  removed,  since  there  was  a high 
correlation  between  the  counts  of  those  that  worked 
in  parallel  (Erazer  & Raworth  1985).  By  contrast,  in 
strawberry  crops  where  sweeping  was  not  practicable, 
walking  counts  were  influenced  by  temperature,  solar 
radiation  and  time  of  day  to  the  extent  that  they  were 
of  little  practical  use  (Frazer  & Raworth  1985). 

Vacuum  sampling  by  D-Vac  has  also  been  used  for 
coccinellid  studies.  Like  hand  picking,  it  samples  all 
development  stages  from  the  whole  vegetation  profile 
but  its  efficiency  is  limited  by  the  influence  of  plant 
architecture.  As  with  sweeping,  efficiency  is  good  if 
coccinellids  sit  at  the  top  of  the  plants  but  low  when 
they  hide  in  the  lower  strata  of  the  plant  stand  (Cosper 
et  al.  1983).  Ellington  et  al.  (1984)  found  that  the  effi- 
ciency of  D-Vac  was  superior  to  that  of  sweeping,  as  it 
collected  more  than  twice  the  number  of  Hippodamia 
spp.  adults  than  the  latter  method,  but  this  was  still 
only  a fraction  of  the  population  counted  by  hand- 
picking. In  stands  of  soybeans,  D-Vac  sampling  was 
inferior  to  sweeping  (Bechinski  & Pedigo  1982). 

Several  studies  have  compared  the  efficiency  of 
sampling  methods  in  crop  stands  in  relation  to  the 
crop  and  microclimate  characteristics.  For  wheat, 
Elliott  et  al.  (1991)  proposed  regression  methods  for 
converting  the  data  from  several  sampling  methods  to 
absolute  coccinellid  numbers.  Michels  et  al.  (1997) 
compared  hand-picking  with  timed  sampling  and 
sweeping.  Hand-picking  accurately  estimated  adult 
but  underestimated  larval  density.  Timed  counts  and 
sweeping  results  were  correlated  with  the  absolute 
density  established  by  hand-picking.  Regression  models 
for  converting  the  data  of  four  coccinellid  species  to 
their  absolute  abundance  included  the  number  of 
tillers  per  0.3  m of  row,  plant  growth  stage,  height  and 
number  of  aphids  per  tiller  and  these  variables 
accounted  for  89-93%  of  the  variance.  This  study  was 
further  continued  in  alfalfa,  where  Elliott  & Michels 
(1997)  compared  hand-picking,  time-limited  visual 
counting  and  sweeping:  they  proposed  methods  of 
converting  the  results  of  timed  and  sweep  samples  to 
absolute  numbers  of  four  coccinellid  species.  For 
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sweeping  and  timed  counting,  plant  height  was 
included  in  the  best  regression  models  for  adults.  For 
larvae,  the  regression  explained  a low  proportion  of 
variance  and  included  plant  growth  stage  and  aphid 
abundance.  In  sorghum  crops,  the  efficiencies  of  hand- 
picking, timed  sampling,  sweeping  and  D- Vac  sampling 
were  compared  and  regression  methods  of  calculating 
absolute  abundance  were  established  (Michels  et  al. 
1996).  In  soybean  crops,  Arelin  and  Ivliev  (1988) 
compared  the  efficiency  of  shaking  the  plant  and 
sweeping,  and  found  a high  correlation  between  the 
results  of  both  methods  (r^  = 0.64-0.98  for  adults  and 
larvae  of  C.  septempunctata,  Har.  axyridis  and  P.  quatuor- 
decimpunctata) . However,  the  slope  of  the  regression  for 
abundance  determined  by  sweeping  differed  from  that 
found  by  shaking  (b  = 0.16  and  1.06,  respectively).  In 
cotton,  Ellington  et  al.  (1984)  found  that  D-Vac  sam- 
pling captured  34%  and  sweeping  only  14%  of  the 
Hippodamia  spp.  adult  population  established  by 
hand-picking. 

Methods  of  sampling  coccinellids  from  trees  and 
shrubs  have  been  less  investigated  than  for  herbs. 
Studies  of  tree  faunas  have  been  based  on  accessible 
parts  of  the  crown,  the  lower  stratum  of  large  trees  or 
whole  small  trees.  Coccinellid  faunas  of  upper  parts  of 
large  trees  remain  uninvestigated.  Three  sampling 
methods  have  been  used  most  frequently:  (i)  direct 
examination  of  a fixed  number  of  twigs  or  leaves 
(Brown  2004.  Michaud  2004,  Oztemiz  et  al.  2008):  (ii) 
collecting  into  a sheet  by  shaking  (branch  jarring)  or 
beating  (LaMana  & Miller  1996,  Brown  & Schmitt 
2001):  and  (iii)  sweeping  (Honek  & Rejmanek  1982, 
Honek  1985b,  Honek  et  al.  2005).  As  yet  no  compara- 
tive studies  of  these  methods  are  available.  Sampling 
from  trees  and  shrubs  is  made  somewhat  easier  by  the 
fact  that  their  rigid  architecture  enables  permanent 
localization  of  particular  sampled  twigs  and  leaves  and 
counting  prey.  This  enables  precise  counting  coccinel- 
lid larvae  whose  distribution  is  largely  determined  by 
prey  availability,  but  adults  move  in  response  to  light 
and  temperature  conditions.  Measuring  leaf  tempera- 
ture is  complex:  it  has  been  studied  since  the  1920s 
and  is  reviewed  by  Thofelt  (1975).  Microclimatic  effects 
on  coccinellid  communities  on  trees  have  not  yet  been 
analyzed  but  are  certainly  important. 

Besides  sampling  from  plants,  various  traps  can  be 
used  which  collect  coccinellid  adults  during  flight. 
Such  catches  provide  samples  of  adults  of  unknown 
origin,  although  the  beetles  probably  mostly  come  from 


nearby  stands,  and  are  influenced  by  species-specific 
orientation  (leading  to  different  attractiveness  of  differ- 
ent kinds  of  trap),  diurnal  periodicity  and  flight  ability. 

Sticky  cards  are  most  frequently  used  because  they 
catch  large  numbers  of  coccinellids.  The  numbers  of 
adults  stuck  on  the  cards  depends  on  the  card  colour. 
Yellow-coloured  traps  are  better  than  red,  green  and 
white  ones  (Udayagiri  et  al.  1997)  and  are  therefore 
generally  used  to  study  coccinellid  movement  within 
a field  (Ives  1981a).  Kokubu  (1986)  designed  his 
experiments  to  estimate  the  numbers  of  immigrant 
and  emigrant  coccinellids  in  maize  plots.  He  placed 
yellow  sticky  panels  in  parallel  with  the  sides  of  the  plot 
so  that  surfaces  facing  the  plot  sampled  emigrant 
beetles  while  the  opposite  surface  trapped  immigrant 
ones.  For  A.  bipunctata,  C.  septempunctata  and  P. 
quatuordecimpunctata  there  was,  however,  only  a poor 
correlation  between  abundance  on  maize  plants  and 
trap  catches.  Similarly,  Stephens  and  Losey  (2004) 
found  a poor  correlation  between  sweeping,  visual 
counts  and  sticky  trap  catches  of  Har.  axyridis,  Col. 
maculata  and  C.  septempunctata  in  alfalfa.  However, 
using  sticky  traps  demonstrated  different  flight  activity 
of  Col.  maculata  and  C.  septempunctata  in  central  and 
marginal  parts  of  maize  crops  (Udayagiri  et  al.  1997, 
Bruck  & Lewis  1998,  Colunga-Garcia  & Gage  1998) 
and  were  also  useful  in  detecting  long-term  changes  in 
abundance  of  coccinellid  species  that  occurred  before 
and  after  arrival  of  the  invasive  Har.  axyridis.  Yellow 
sticky  traps  can  also  be  used  for  detecting  the  height 
which  particular  coccinellid  species  prefer  when  in 
flight  (Parajulee  & Slosser  2003). 

In  contrast  to  coloured  cards,  window  traps 
(^impaction  traps)  collect  a supposedly  unbiased 
sample  of  flying  coccinellids.  The  beetles  bump  into  a 
transparent  glass  wall  and  fall  into  a collecting  trough 
below.  However,  it  remains  unknown  whether  the  glass 
wall  is  really  ‘invisible’  to  them.  The  species-selective 
capture  by  yellow  sticky  traps  and  window  traps  was 
demonstrated  by  Storck-Weyhermueller  (1988):  with 
both  types  of  trap,  the  height  and  position  above  the 
ground  influencing  the  catch  of  particular  species. 
Boiteau  et  al.  (1999)  collected  21  species  of  coccinel- 
lids using  window  traps  placed  at  heights  of  0.8  to 
14.3  m.  Hip.  convergens,  C.  septempunctata  and  C.  trifas- 
ciata  flew  mostly  near  the  ground  while  other  species 
were  less  selective. 

Malaise  traps,  tents  catching  flying  insects  that 
enter  their  interior  through  a gap  and  are  led  by 
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phototaxis  to  collecting  bottles,  have  been  found  to  be 
convenient  in  detecting  the  peak  of  flying  C.  septem- 
punctata  during  migration  and  non-migration  flights. 
Sarospataki  & Marko  (1995)  hung  Malaise  traps 
within  a shrub  stratum  (0-2  m height),  at  the  tree 
canopy  stratum  (12.5-14.5 m height)  and  above  all 
the  vegetation  ( 2 5-2  7 m height) . While  the  lower  traps 
captured  adults  throughout  the  vegetative  period,  the 
traps  placed  above  the  vegetation  captured  adults  only 
at  the  time  of  migration,  in  late  July. 

Although  coccinellids  are  mostly  day  active,  they  are 
frequently  caught  in  light  traps.  Trap  efficiency  is 
influenced  by  trap  design  and  depends  both  on  light 
source  and  the  reflective  surface  behind  the  light.  Light 
traps  collect  a mixture  of  species  from  coccinellid  com- 
munities of  different  habitats  near  the  trap  and  the 
samples  have  a great  diversity  (Honek  & Rejmanek 
1982).  Catches  were  used  to  compare  the  annual  vari- 
ation of  species  abundance  (Honek  & Kocourek  1986) 
and  long-term  changes  in  the  colour  morph  propor- 
tions of  the  different  species  (Honek  et  al.  2005).  Inter- 
preting seasonal  variation  of  catches  in  terms  of 
number  of  generations  per  year  (trivial  flight)  and 
flight  to  overwintering  sites  (migratory  flight)  needs 
background  knowledge  of  species  biology  (Koch  & 
Hutchinson  2003). 

There  certainly  exist  further  methods  used  to  capture 
other  insect  taxa  but  not  applied  to  sampling  coccinel- 
lids as  yet.  To  use  them  the  kind  reader  may  stimulate 
her/his  powers  of  imagination  by  reading  standard 
reference  books,  e.g.  Southwood  and  Henderson 
(2000). 

Abundance  of  coccinellid  individuals  in  a habitat  is 
a dynamic  state  of  balance  between  immigrating  and 
emigrating  individuals.  The  process  of  exchange  of 
individuals  at  a place  could  be  studied  by  mark- 
recapture  method.  A known  number  of  individuals 
of  a species  are  marked  and  released,  then  the  individu- 
als are  sampled  after  some  time  and  the  proportion  of 
released  individuals  in  the  total  recaptured  population 
is  established.  This  method  is  convenient  for  study  of 
abundant  species  and  can  determine  total  number  of 
individuals  at  a place,  their  residence  time,  emigration 
rates,  and  distance  of  emigration  from  the  place  of 
their  release.  Calculation  of  these  values  was  described 
for  aphidophagous  (van  der  Werf  et  al.  2000)  and  phy- 
tophagous coccinellids  (Koji  & Nakamura  2002).  For 
marking  individuals  the  authors  use  paint  (van  der 
Werf  et  al.  2000,  Grez  et  al.  2005,  Seko  et  al.,  2008) 
or  proteins,  established  after  recapture  by  biochemical 


methods  (Hagler  & Naranjo  2004,  Hagler  & Jones 

2010). 


4.3  FACTORS  DETERMINING  THE 
COMPOSITION  OF  COMMUNITIES 

The  coccinellid  community  present  at  each  site  is  a 
sample  of  the  local  fauna  which  is  a total  of  all  the 
species  present  in  a geographic  area.  The  character- 
istics of  a site  include  the  prey  abundance  and 
species,  host  plant,  microclimate,  surrounding  land- 
scape characteristics,  as  well  as  intraguild  (Chapter  7) 
and  other  biotic  factors.  The  probability  of  being 
sampled  within  a particular  community  is  a function 
of  the  size  of  the  coccinellid  population.  The  probabil- 
ity of  capturing  rare  species  decreases  with  their  rarity, 
and  so  their  disappearance  from  samples  for  a time  is 
no  evidence  of  short-term  extinction  followed  by  rec- 
olonization. The  estimated  diversity  of  communities 
increases  as  sampling  intensity  increases  to  a maximum 
which  is  the  full  composition  of  the  local  fauna.  This 
may  be  attained  at  any  location  if  sampling  effort  is 
maximized  and  time  is  unlimited. 


4.3.1  Local  faunas 

The  relationship  between  the  coccinellid  faunas  of  par- 
ticular geographic  areas  and  the  composition  of  their 
communities  in  particular  habitats  within  these  areas 
has  still  been  little  studied.  There  is  probably  no  study 
that  demonstrates  geographic  trends  in  abundance 
and  diversity  of  species  in  particular  habitats  along  a 
transect  long  enough  to  cross  a range  of  geographic 
areas.  Most  studies  have  been  performed  in  temperate 
regions  with  a similar  diversity  of  coccinellid  species, 
or  limited  to  particular  crops.  It  can  be  hoped  that  this 
section  will  stimulate  further  research. 

4.3 . 1 . 1 Geographic  differences 

Unlike  for  other  groups  of  organisms,  for  coccinellids 
there  has  been  no  study  dividing  the  Earth's  surface 
into  a rectangular  grid  showing  local  variation  in 
species  diversity  and  abundance.  Local  lists  of  species 
for  particular  areas  are  not  useful,  because  they  are 
biased  by  different  sizes  of  the  areas  and  different 
sampling  activity  within  them.  Regardless  of  this  limi- 
tation, it  is  clear  that  richness  in  genera  and  species  is 
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inversely  related  to  the  geographical  latitude  of  an 
area.  This  may  be  illustrated  by  the  example  of  faunas 
of  areas  of  similar  size  and  geography  in  Russia, 
sampled  with  comparable  effort  and  separated  by  15° 
of  latitude.  The  fauna  of  the  Magadan  territory  (60  °N) 
contains  18  species  from  9 genera  (Ivliev  et  al.  1975) 
while  that  of  the  Primorskii  Region  (45  °N)  has  63 
species  from  29  genera  (Kuznetsov  1975). 

4 . 3 . 1 . 2 Invasion  and  extinction 

The  number  of  species  in  a geographical  area  may 
decrease  through  extinction,  or  increase  through 
immigration  by  or  artificial  introduction  of  a new 
species.  There  is  no  record  of  any  global  extinction  of 
a coccinellid  species,  but  some  species  may  become 
locally  extinct  from  island  faunas  (Majerus  1994). 
However,  the  case  of  C.  undecimpunctata,  which  invaded 
and  spread  in  North  America  but  now  is  nearly  extinct 
after  some  100  years  of  co-existence  with  the  local 
fauna  (Wheeler  & Hoebke  2008),  indicates  that 
extinction  could  occur  more  frequently.  More  data 
are  available  for  coccinellid  introductions  than  for 
extinctions.  Recent  introductions  of  coccinellids 
into  new  areas  have  not  been  spontaneous  but  instead 
have  followed  human  activity.  Since  the  1890s,  179 
coccinellid  species  have  been  introduced  deliberately  or 
inadvertently  to  the  USA  and  Canada,  and  27  have 
become  established.  These  species  originally  repre- 
sented an  insignificant  fraction  of  the  coccinellid 
species  in  the  local  communities,  but  this  situation 
lasted  only  until  the  1980s  (Harmon  et  al.  2007). 
Since  then  immigrant  species  have  come  to  replace 
indigenous  species  to  an  alarming  extent,  so  that  now 
introduced  coccinellid  species,  mainly  C.  septempunc- 
tata  and  Har.  axyridis,  typically  represent  60  to  80%  of 
adult  coccinellid  communities  (Gardiner  et  al.  2009). 
Mechanisms  involved  in  the  replacement  by  new 
species  of  the  original  fauna,  and  the  fatal  conse- 
quences for  the  latter  thereof,  include  intraguild 
predation  (Chapter  7)  and  ’marginalization’  of  native 
species  - their  displacement  from  preferred  habitats  to 
habitats  that  they  had  not  occupied  before.  An  example 
is  provided  by  C.  septempunctata,  established  in  Utah 
(USA)  between  1992-2001.  Since  then  this  species 
has  increased  in  numbers  while  densities  of  native 
species.  Hip.  convergens,  Hip.  quinquesignata,  Hip.  sinuata 
and  C.  tmnsversoguttata,  have  decreased.  The  decline  of 
these  native  ladybirds  mirrored  a decline  of  pea  aphid 
Acyrthosiphon  pisum.  As  C.  septempunctata  depressed 


prey  availability  for  the  adults  of  native  species,  these 
have  shifted  their  foraging  away  from  alfalfa  to  other 
crops  and  wild  herbs.  The  reality  of  this  scenario  was 
confirmed  by  field  experiments  which  revealed  that 
native  ladybirds  were  more  sensitive  to  local  aphid 
density  than  was  C.  septempunctata  (Evans  2004).  In 
eastern  USA,  Finlayson  et  al.  (2008)  compared  compo- 
sition of  coccinellid  communities  on  several  habitats 
and  in  all  places  found  prevalence  of  non-native  over 
native  species  of  coccinellids. 

The  limits  that  environmental  conditions  impose  on 
the  distribution  of  introduced  species  were  demon- 
strated for  Har.  axyridis.  At  the  northern  boundary  of 
its  distribution  in  North  America  survival  is  limited  by 
severe  winter  cold  and  this  species  only  survives  winter 
inside  human  houses.  In  northern  marginal  regions 
the  distribution  of  human  settlements  coincides  thus 
with  distribution  of  this  coccinellid  species  (Labrie 
et  al.  2008). 

4. 3. 1.3  Climatic  changes 

Recently  a lot  of  attention  has  been  paid  to  the  conse- 
quences for  coccinellids  of  the  expected  climatic 
change.  Simulation,  using  data  from  the  United 
Kingdom,  revealed  that  warming  of  the  climate  could 
change  the  interaction  between  coccinellids  and  aphids 
in  that  the  abundance  of  prey  may  decrease  by  40- 
60%  and  the  Julian  date  of  their  peak  population  could 
be  advanced  (Skirvin  et  al.  1997)  (Fig.  4.1).  As  indi- 
vidual coccinellid  species  show  a different  response  to 
prey  abundance  (Honek  et  al.  2007),  changes  in  prey 
number  and  their  timing  due  to  climate  warming 
might  change  the  composition  of  coccinellid  commu- 
nities. Other  studies,  however,  throw  a different  light 
on  the  importance  of  local  climate  in  determining  the 
presence  of  coccinellid  species.  The  accuracy  of  predic- 
tions of  the  geographic  range  of  a species  based  on 
climatic  characteristics  was  tested  using  data  for  15 
Chilocorus  species  introduced  to  various  areas  in  tropi- 
cal and  subtropical  zonse,  with  the  CLIMEX  programme 
simulating  the  effect  of  climate  on  species  distribution. 
This  programme  tests  for  a match  between  climate  and 
biological  characteristic  of  the  species.  Predictive 
models  of  distribution  of  the  different  Chilocorus  species 
were  based  on  the  likelihood  of  their  establishment 
with  respect  to  their  physiological  characteristics  and 
climatic  tolerances.  Model  predictions  were  compared 
with  data  on  the  actual  distribution  of  the  species.  The 
real  distribution  of  four  (27%)  species  was  predicted 
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Figure  4.1  Simulation  of  timing  (Julian  day)  of  peak  abundance  of  the  grain  aphid  Sitobion  avenae  and  its  coccinellid 
predator  Coccinella  septempiinctatn  in  the  UK  under  different  scenarios  of  climatic  change.  Timing  of  maximum  abundance  was 
predicted  using  the  model  of  Carter  et  al.  (1982),  three  temperature  regimes,  cold  (C),  moderate  (M)  and  hot  (H)  and  three 
within-regime  temperature  modifications.  The  figure  shows  shortening  of  the  vegetation  period  in  terms  of  calendar  time  by  c. 
20  days  for  the  S.  avenae  population  alone,  the  S.  avenae  population  subject  to  C.  septempunctata  predation,  and  the  population 
of  C.  septempunctata  (redrawn  from  Skirvin  et  al.  1997). 


with  100%  accuracy  from  climate  data,  but  accuracy 
for  the  other  species  was  limited  by  factors  other  than 
climate.  Thus  most  predictions  of  change  in  the 
geographic  distribution  of  species  based  on  climatic 
data  are  likely  to  be  wrong  (Samways  et  al.  1999). 
Similarly  a study  of  climatic  limits  for  the  geographic 
distribution  of  Har.  axyridis  showed  that  climate  was 
not  the  limiting  factor.  Establishment  and  spread  of 
this  species  was  found  to  be  likely  in  many  regions, 
including  ones  which  had  not  yet  been  invaded 
(Poutsma  et  al.  2008).  In  fact,  a climate  suitable  for  the 
establishment  of  Hai:  axyridis  existed  in  many  areas 
not  occupied  by  this  species  for  thousands  of  years 
before  its  recent  nearly  worldwide  invasion. 

4.3.2  Locality  determinants 

By  analogy  with  a theatre  performance,  that  of  a coc- 
cinellid community  at  a particular  site  also  involves 
‘scenery’  which  is  the  landscape,  the  host  plant  and  the 
microclimate  (the  components  dealt  with  in  this 
chapter),  and  ‘players’  which  comprise  the  prey. 


conspecilic  and  heterospecific  members  of  the  same 
trophic  guild,  as  well  as  natural  enemies.  Except  for 
prey  which  is  dealt  with  here,  the  other  ‘players’ 
are  treated  in  Chapters  7 and  8.  Here  we  present  the 
factors  that  determine  the  presence  or  absence  of  a 
species  in  a particular  habitat  in  the  order  of  their 
importance  which  is  prey,  host  plant,  microclimate, 
and  landscape. 

4.3.2. 1 Prey 

Prey  availability  is  the  primary  factor  that  brings 
together  coccinellid  assemblages;  adults  seek  prey  not 
only  for  their  own  welfare  but  as  a resource  for  their 
progeny  (Chapter  5).  Assemblages  are  also  formed 
because  of  satiation  before  hibernation  (Chapter  6).  It 
is  still  open  for  further  research  as  to  in  which  situa- 
tions abundance  of  prey  is  more  important  than 
prey  species  in  determining  coccinellid  presence  in  a 
habitat,  and  where  the  order  of  importance  of  these 
two  determinants  is  reversed. 

Coccinellid  communities  of  particular  habitats 
begin  as  assemblages  of  mobile  adults  which  turn  into 
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assemblages  of  larvae  after  selective  oviposition  and 
selective  larval  survival.  Larval  communities  thus 
usually  are  a copy  of  the  composition  of  adult  coccinel- 
lids.  The  mechanisms  whereby  coccinellid  assem- 
ble and  then  oviposit  have  been  reviewed  by  Evans 
(2003).  Adult  ladybirds  are  highly  mobile  in  traversing 
the  landscape  (5. 4. 1.5),  but  become  less  active  and 
produce  more  eggs  as  their  rate  of  encounter  with  prey 
and  aphid  consumption  increases,  with  the  result  that 
most  eggs  tend  to  he  laid  at  sites  of  high  aphid  density. 
Females  use  their  resources  to  produce  eggs  in  modest 
numbers  when  prey  consumption  is  limited.  They  may 
thus  be  prepared  to  lay  some  eggs  quickly  when  they 
succeed  in  finding  aphids  in  high  numbers,  but 
otherwise  they  may  have  little  choice  but  to  lay  eggs  at 
suboptimal  sites.  Upon  locating  patches  of  high  prey 
density,  females  are  faced  with  the  decision  of  how  long 
to  remain,  ft  is  frequently  thought  that  they  become 
passively  trapped  at  such  patches  until  the  aphid 
density  there  collapses.  However,  there  is  no  such  posi- 
tive trapping.  Oviposition  has  already  terminated  by 
the  middle  of  the  course  of  the  prey  population's  devel- 
opment. and  the  cause  is  an  oviposition-deterring 
pheromone  (Ruzicka  1996,  Klewer  et  al.  2007) 
secreted  by  the  larvae  from  the  anal  disk  that  helps 
their  locomotion  (Laubertie  et  al.  2006).  In  this,  the 
larvae  are  mainly  responding  to  cues  associated  with 
presence  of  conspecific  larvae  (Yasuda  et  al.  2000, 
Hemptinne  et  al.  2000a).  Oviposition-deterring  phe- 
romones may  promote  their  departure  from  prey 
patches  well  before  prey  resources  are  exhausted. 
Females  may  also  have  an  innate  tendency  to  disperse 
regardless  of  local  conditions. 

Prey  is  an  attractant  and  arrestant  for  immigrating 
adults.  The  minimum  prey  density  capable  of  attract- 
ing adult  C.  septempunctata  is  below  10  aphids  per 
square  metre  (Honek  1980)  and  imigration  may  occur 
simultaneously  with  aphid  immigration  (Arefin  & 
Ivliev  1988).  At  this  low  threshold  density  of  prey,  the 
coccinellids  can  just  capture  sufficient  prey  to  maintain 
their  body  weight  (Frazer  & Gilbert  1976).  A propor- 
tion of  the  adult  population  will  leave  the  site  but  be 
replaced  by  new  immigrants  (Ives  1981a).  Immigra- 
tion and  emigration  rates  depend  on  the  frequency  of 
encounters  between  coccinellids  and  their  prey, 
which  is  how  a positive  correlation  between  the  abun- 
dance of  aphids  and  coccinellids  arises.  This  was 
shown  in  alfalfa  stands  populated  by  different  aphid 
and  coccinellid  species  (Neuenschwander  et  al.  1975, 
Radcliffe  et  al.  1976.  Honek  1982a),  in  strawberry 


plantations  of  British  Columbia  populated  by  the  aphid 
Chaetosiphon  fmgaefolii  and  C.  californica  (Frazer  & 
Raworth  1985),  and  bean  stands  infested  with  the 
aphid  Aphis  craccivom  and  populated  with  Meno- 
chilus  sexmaculatus  and  C.  tmnsversalis  (Agarwala  & 
Bardhanroy  1999;  Fig.  4.2).  In  tobacco  stands, 
numbers  of  the  aphid  Myzus  persicae  and  those  of 
Cer.  undecimnotata,  A.  bipunctata,  Hip.  variegata  and 
P.  qmtuordecimpimctata  were  only  loosely  correlated 
because  of  a negative  coccinellid  response  to  the 
many  aphids  parasitized  by  hymenopteran  parasitoids 
(Kavallieratos  et  al.  2004).  However,  evidence  for  a 
parallel  increase  in  aphid  and  coccinellid  abundance 
has  been  found  to  vary  between  coccinellid  species.  In 
cereal  plots  where  aphid  density  was  experimentally 
manipulated,  numbers  of  C.  septempunctata  and  Hip. 
convergens  increased  in  parallel  with  aphid  density 
while  those  of  Hip.  tredecimpunctata,  Col.  maculata 
and  Hip.  parenthesis  were  not  significantly  correlated 
(Elliott  & Kieckhefer  2000).  In  soybean  stands  a 
positive  relationship  between  the  aphid  Aphis  glycines 
and  coccinellid  abundance  was  demonstrated  for  Har. 
axyridis,  while  with  C.  septempunctata  increasing 
aphid  abundance  only  prolonged  residence  time  in 
experimental  plots  (Costamagna  & Landis  2007). 
Only  a few  studies  found  that  aphid  and  coccinellid 
abundance  were  not  correlated  (Sakuratani  1977).  A 
positive  correlation  between  the  size  of  aphid  colonies 
and  the  abundance  of  A.  bipunctata  was  demonstrated 
in  stands  of  three  weeds,  stinging  nettle  (Urtica  dioica), 
scentless  mayweed  (Tripleurospermum  maritimum)  and 
wormwood  (Artemisia  vulgaris),  where  abundance  of 
this  ladybird  and,  in  parallel,  its  dominance  in  coc- 
cinellid communities  increased  with  aphid  abundance 
and  colony  size  (Honek  1981). 

Minor  details  of  prey  distribution  may  affect  the 
decision  by  coccinellids  to  invade  stands  of  a host 
plant.  Coccinellids  were  found  to  aggregate  more  on 
grouped  than  on  isolated  aphid-infested  plants  of 
maize  (Sakuratani  et  al.  1983)  and  alfalfa  (Evans  & 
Youssef  1992).  The  effect  of  aphid  aggregation  was 
also  demonstrated  in  wheat  stands  where  A.  bipunctata 
preferred  being  on  inflorescences  (Hemptinne  et  al. 
1988)  where  aphid  populations  are  more  densely 
aggregated  than  on  leaves. 

Recent  studies  have  revealed  mechanistic  feedbacks 
on  coccinellids  of  their  effects  on  aphid  behaviour.  The 
anti-predator  defensive  behaviour  of  prey  may 
reduce  foraging  by  coccinellids  and  confound  the 
density  relationship  between  them.  This  behaviour 


118  A.  Honek 


-0.2  r 


-0.6  - 


-1.0  - 


-1.4 


□ 


□ 


□ 

A 


£1 

A 


□ 


A Immediate  abundance 
□ Abundance  1 week  before 


1.0  1.1  1.2  1.3 

Log.  aphid  abundance 


Figure  4.2  The  cumulative  abundance  of  adult  Menochilus  sexrnaculatus  and  Coccinella  transversalis  in  bean  crops  infested 
with  Aphis  craccivora  in  India.  The  figure  shows  the  relationship  between  coccinellid  and  aphid  abundance  measured  on  a 
particular  day  (immediate  abundance),  and  the  abundance  of  coccinellids  in  relation  to  aphid  abundance  established  1 week 
earlier  (redrawn  from  Agarwala  & Bardhanroy  1999). 


includes  the  prey  dropping  from  the  host  plant,  as 
happened  in  60%  of  encounters  between  the  aphid 
Acyrthosiphon  pisum  and  C.  septempunctata  on  alfalfa 
while  only  7%  of  aphids  drop  spontaneously.  The  anti- 
predator dropping  behaviour  is  specifically  directed 
against  coccinellid  attack.  Encountering  heteropteran 
predators,  Nabis  americoferus,  Geocoris  punctipes  and 
Orius  insidiosiis,  resulted  in  only  14%  drop  of  the 
aphids.  Adult  aphids  had  a significantly  higher  pro- 
pensity to  drop  than  nymphs  but  the  density  of  aphids 
had  no  effect  (Losey  & Denno  1998).  Also  dropping 
of  the  aphid  Macrosiphum  euphorbiae  from  potato 
plants  was  increased  by  interaction  with  Har.  axyridis 
(Narayandas  & Alyokhin  2006).  Dropping  of  aphids 
from  host  plant  may  lead  to  their  predation  on  the 
ground,  e.g.  by  carabids  (Losey  & Denno  1999).  The 
efficiency  of  dropping  as  a protective  strategy  of 
the  prey  was  demonstrated  in  Har.  axyridis,  whose 
predation  of  A.  pisum  doubled  when  dropping  was 
artificially  prevented  (Francke  et  al.  2008).  In  practice, 
however,  only  a few  encounters  of  coccinellids  with 
aphid  prey  result  in  predation.  Thus  in  Hip.  convergens 
preying  on  A.  pisum  the  ratio  of  encounters  leading  to 


prey  disturbance  only  to  encounters  resulting  in 
prey  consumption  was  30:1  (Nelson  & Rosenheim 
2006).  Whether  similar  mechanisms  of  predator-prey 
interaction  are  important  in  determining  abundance 
of  particular  coccinellid  species  and  affecting  composi- 
tion of  coccinellid  communities  of  particular  habitats 
remains  uncertain. 

In  addition  to  prey  abundance,  qualitative  taxo- 
nomic differences  between  prey  species  are 
important  for  stenophagous  coccinellids,  and  probably 
also  for  generalists.  A review  of  prey  specificity  is  given 
in  5.2.  How  might  prey  preferences  influence  selection 
of  a particular  habitat.?  In  their  review,  Sloggett  and 
Majerus  (2000)  address  the  concept  of  ‘habitat  prefer- 
ences’ from  the  point  of  view  of  diet  specificity.  They 
argue  that  limitations  of  consumption  and  competi- 
tion for  prey  were  probably  important  factor  in  the 
evolution  of  coccinellid  preferences.  Dietary  specializa- 
tion and  associated  preference  for  particular  habitats 
has  probably  occurred  in  some  lineages  derived  from 
generalist  ancestors  to  avoid  costs  associated  with 
migration  between  habitats  and  prey  switching.  Adap- 
tation to  particular  food  could  be  rather  quick  (Rana 
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et  al.  2002).  In  the  generalist  A.  hipunctata,  A.  pisuin 
is  a preferred  and  A.  fahae  a non-preferred,  but  often 
consumed,  aphid  species.  The  initially  poor  perform- 
ance of  A.  hipunctata  improved  during  six  generations 
of  rearing  on  A.  fahae  prey,  as  development  time 
decreased  and  adult  weight  and  longevity  increased. 
After  six  generations  of  selection,  the  strain  by  then 
adapted  to  A.  fahae  performed  worse  on  A.  pisum  diet 
than  the  strain  reared  continually  on  that  species. 
Thus  the  specialization  on  one  kind  of  prey  entails  a 
trade-off  in  performance  on  another. 

The  ‘innate’  mechanisms  leading  to  preference  for 
a particular  species  of  prey  include  perception  of  its 
chemical  composition  which  may  be  reflected  already 
by  its  odour.  This  was  shown  in  females  of  Cycloneda 
sanguinea  which  were  attracted  to  tomato  plants 
infested  by  their  preferred  prey  the  aphid  M.  euphorhiae 
as  opposed  to  plants  infested  by  non-preferred  prey,  the 
mite  Tetranychus  evansi  (Sarmento  et  al.  2007). 

The  size  of  the  coccinellid  relative  to  that  of  the  prey 
is  also  a factor  determining  coccinellid  preference.  An 
analysis  of  the  prey  of  ladybirds  indicates  that,  the 
larger  the  ladybird  species,  the  larger  also  the  prey  and/ 
or  the  greater  the  mobility  (Dixon  & Hemptinne  2001). 
The  smallest  ladybird  species  feed  on  mites,  and  the 
largest  on  caterpillars  and  beetle  larvae.  On  a global 
scale,  the  size  of  coccinellid  species  inhabiting  a geo- 
graphic area  is  correlated  with  the  size  of  the  prey  pre- 
vailing in  this  area.  This  means  that  the  ratio  of  the 
numbers  of  species  of  aphidophagous  and  coccidopha- 
gous  ladybirds  in  the  Nearctic  and  Palearctic  regions 
reflects  the  ratio  of  the  number  of  species  of  aphids  to 
the  number  of  species  of  coccids  in  the  two  regions. 
Large  coccinellid  species,  in  particular  the  predators  of 
large  and/or  active  prey,  also  lay  larger  eggs  than  small 
species  which  are  predators  of  small  and/or  slow 
moving  prey  (5.2.3;  5.2.4). 

Variation  of  quality  acquired  duriug  prey  devel- 
opmeut  may  also  influence  coccinellid  performance. 
The  same  prey  fed  different  food  may  have  different 
nutritive  value  for  coccinellids.  The  aphid  A.  pisum 
reared  on  alfalfa  had  a 6. 3 -times  greater  content  of 
m5Tistic  acid,  a 2.7-times  higher  content  of  total  fatty 
acids  and  a 1.7-times  higher  caloric  content  than  A. 
pisum  reared  on  beans.  Individuals  of  A.  pisum  with  as 
high  a fat  content  fed  to  larvae  of  Col.  maculata  and  Hip. 
convergens  decreased  their  mortality  and  development 
time.  This  beneficial  effect  of  high  quality  prey  was 
significant  when  aphids  were  scarce,  but  not  signifi- 
cant if  food  was  in  surplus  (Giles  et  al.  2001,  2002). 


Also  the  aphid  A.  fahae  reared  on  hoary  orache  (Atri- 
plex  sagittata)  was  toxic  to  A.  hipunctata  while  the  same 
aphid  species  reared  on  other  host  plants  was  an 
acceptable  (though  not  preferred)  food  for  this  coc- 
cinellid (Kalushkov  1998). 

Ovipositiou  follows  successful  predation,  and  so 
gives  rise  to  the  community  of  larvae.  The  number  of 
eggs  laid  and  the  duration  of  oviposition  are  influenced 
by  several  factors.  In  the  field,  C.  septempunctata  start 
to  oviposit  after  the  aphid  population  has  attained 
density  of  about  one  aphid  per  300  cm^  of  leaf  area,  a 
threshold  similar  in  different  crops  (Honek  1980).  In 
laboratory  experiments  with  A.  hipunctata,  a species 
that  prefers  aggregated  aphid  populations,  the 
minimum  density  for  laying  eggs  was  four-times  higher 
at  two  aphids  per  150cm^  leaf  area,  and  females 
required  at  least  10  aphids  per  150cm^  to  achieve 
maximum  oviposition  (Hemptinne  & Dixon  1991).  In 
the  field  (an  alfalfa  crop),  the  threshold  aphid  density 
was  not  reached  ever}rwhere  at  the  same  time,  and  this 
caused  a conspicuous  asynchrony  in  ovariole  matura- 
tion of  C.  septempunctata  in  different  parts  of  the  field 
(Honek  1978b).  As  mentioned  earlier  in  another 
context,  limited  prey  consumption  results  in  females 
producing  only  modest  numbers  of  eggs  given  their 
restricted  resources,  and  these  eggs  are  frequently  not 
laid  and  remain  retained  in  the  ovariole.  As  a conse- 
quence, the  females  are  ready  to  lay  eggs  quickly  when 
they  succeed  in  finding  aphids  in  high  numbers  (Evans 
2003).  In  the  field,  the  number  of  eggs  deposited 
(Wratten  1973,  Wright  & Laing  1980,  Ives  1981b, 
Kawauchi  1981,  Ferran  et  al.  1984,  Ghanim  et  al. 
1984.  Coderre  et  al.  1987)  as  well  as  egg  cluster  size 
(Agarwala  & Bardhanroy  1999)  is  then  frequently 
directly  proportional  (on  a log-log  plot)  to  the  density 
of  aphids.  This  is  not  only  because  of  an  increase  in 
fertility  but  also  because  of  an  increasing  number  of 
coccinellid  females  (Neuenschwander  et  al.  1975, 
Turchin  & Kareiva  1989,  Ofuya  1991).  Furthermore, 
females  discriminate  between  preferred  and  non- 
preferred prey  and  lay  eggs  preferentially  in  patches  of 
suitable  prey.  Under  laboratory  conditions  A.  hipunctata 
laid  1 3 eggs  /8  hours  when  provided  with  a suitable 
aphid,  A.  pisum,  11.4  eggs  with  the  moderately  suitable 
A.  fahae  and  only  7 . 6 eggs  when  provided  with  the  toxic 
aphid  Megoura  viciae  (Frechette  et  al.  2006).  The 
enhancing  effect  of  prey  abundance  on  oviposition  is 
further  magnified  by  suitable  substrates  available  for 
oviposition.  The  availability  of  a suitable  site  was  a 
significant  factor  in  the  selection  of  oviposition  site 
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and  determination  of  cluster  size  in  Aphidecta  ohliterata 
and  A.  hipunctata  (Timms  & Leather  2007). 


4.3. 2. 2 Host  plant 

The  prey  of  coccinellids  is  always  encountered  on  its 
host  plant,  the  effects  of  which  on  coccinellid  attrac- 
tion and  oviposition  are  sometimes  hard  to  separate 
(5.4).  Plants,  alone  or  in  interaction  with  prey,  are 
sources  of  chemical  cues  attracting  coccinellid 
adults.  Although  the  beetles’  sensory  capacities  were 
thought  to  be  poor,  recent  studies  have  revealed  that 
their  sense  of  smell  is  good  (Pettersson  et  al.  2008, 
Hatano  et  al.  2009:  and  Chapter  9).  Firstly,  it  may  be 
the  smell  of  intact  plants  that  is  detected.  In  the  field, 
adult  C.  septempunctatM  were  more  abundant  in  barley 
plots  containing  the  weeds  creeping  thistle  (Cirsiiim 
arvense)  and  couch  grass  (Elytrigia  repens)  than  in  clean 
barley  plots,  fn  olfactometer  experiments,  adults  then 
showed  a significantly  more  positive  response  to  odours 
of  each  of  the  two  weeds  than  to  that  of  barley  alone 
(Ninkovic  & Pettersson  2003).  Similarly  with  Col.  niac- 
ulata,  Zhu  et  al.  (1999)  observed  significant  electroan- 
tenogram  responses  to  volatile  compounds  produced 
by  intact  maize  plants  at  the  three-leaf  stage,  i.e.  the 
period  when  this  crop  is  attractive  to  aphids.  Odours 
emanating  from  host  plants  have  also  been  found  to 
stimulate  coccinellid  oviposition.  Pieces  of  Eastern  red 
cedar  (Junipenis  virginiana)  wood  split  from  the  plant 
but  not  damaged  by  prey  species  attracted  Cycloneda 
mimda,  A.  hipunctata,  C.  transversoguttata  and  Col.  mac- 
ulata  and  initiated  oviposition  (Boldyrev  et  al.  1969). 
Shah  (1983)  demonstrated  that  A.  hipunctata  and  C. 
septempunctata  laid  more  eggs  on  the  twigs  of  European 
barberry  {Berheris  vulgaris)  than  on  the  twigs  of  other 
woody  plants,  apple  tree  (Malus  pumila)  wild  cherry 
(Primus  avium),  sour  cherry  (P.  cerasus),  cotoneaster 
(Cotoneaster  tomentosus  and  C.  integerrima),  common 
honeysuckle  (Lonicera  periclymenum)  and  common 
snowberry  (Symphoricarpos  rivularis).  The  aphids 
(Acyrthosiphon  pisum)  provided  in  this  experiment  to 
stimulate  coccinellid  oviposition  were  evenly  dispersed 
over  the  experimental  twigs  but  did  not  cause  any 
damage  on  all  species  of  experimental  plants. 

Other  studies  have  demonstrated  that  prey-induced 
plant  chemicals  (5. 4. 1.2)  can  become  arrestant  or 
possibly  attractant  stimuli  for  adult  coccinellids.  Hip. 
convergens  was  attracted  not  only  to  radish  leaves 
infested  by  M.  persicae  but  also  to  radish  leaves  cleaned 


after  previous  colonization  by  this  aphid  (Hamilton 
et  al.  1999).  Also  C.  septempunctata  females  preferred 
not  only  odours  of  turnip,  mustard  and  rape  plants 
(Brassica  spp.)  actually  populated  with  M.  persicae  but 
also  odours  of  previously  damaged  and  subsequently 
cleaned  leaves  (Girling  & Hassall  2008).  The  adults  of 
this  species  also  responded  positively  to  volatiles  from 
barley  plants  infested  or  previously  infested  by  the 
aphid  Rhopalosiphum  padi.  while  the  volatiles  emanat- 
ing from  uninfested  plants  or  undisturbed  aphids  alone 
(placed  on  a filter  paper  and  not  releasing  alarm  phe- 
romone) were  not  attractive  (Ninkovic  et  al.  2001). 
Well  known  are  the  attractant  and  arrestant  effects  of 
honeydew  (Carter  & Dixon  1984,  Pettersson  et  al. 
2008).  These  roles  of  honeydew  were  shown  in  the 
open  in  experiments  in  which  a synthetic  mimic  of 
honeydew  was  spread  onto  the  crops  to  provide  food 
for  predators  during  the  initial  development  of  the 
aphid  population.  The  honeydew  mimic  was  either 
yeast  autolysate  or  a suspension  of  the  yeast  Saccharo- 
myces  fragilis  (as  a source  of  amino  acids)  and  sugar. 
Spraying  the  mimic  on  the  fields  increased  the  numbers 
of  different  coccinellid  species  in  several  crops  (Hagen 
et  al.  1971,  Ben  Saad  & Bishop  1976,  Nichols  & Neel 
1977,  Evans  & Richards  1997). 

In  contrast  to  adults,  sensing  by  larvae  is  of  aphid 
rather  than  host  plant  odours.  This  may  help  them  to 
find  prey  on  the  host  plant  surface  which  is  large  rela- 
tive to  the  size  and  movement  capacities  of  larvae. 
Searching  by  larvae  of  Hip.  convergens  became  more 
intensive  after  exposure  to  the  odour  of  tobacco  leaves 
infested  with  the  aphid  Myzus  persicae  nicotianae  (Jamal 
& Brown  2001)  while  searching  by  A.  hipunctata 
increased  in  response  to  the  odour  of  crushed  aphids, 
an  odour  made  up  mainly  of  aphid  alarm  pheromone 
(E)-(3-farnesene  (Hemptinne  et  al.  2000b;  9.3.2). 

Of  plant  characteristics  correlated  with  the  presence 
of  particular  coccinellid  species,  the  most  obvious  is 
plant  stature  or  architecture.  It  is  well  established 
that  some  coccinellid  species  occur  mainly  in  herba- 
ceous stands,  whilst  others  prefer  shrubs  or  trees  (4.4). 
The  differences  in  coccinellid  preference  for  plant  type 
persist  even  when  the  host  plants  are  populated  by  the 
same  species  of  aphid  (Iperti  1966:  Fig.  4.3).  The  com- 
position of  coccinellid  communities  can  even  vary  with 
plant  species  within  stands  consisting  of  plants  of  iden- 
tical growth  type,  i.e.  herbs  or  trees  (Pruszynski  & Lipa 
1970).  Although  it  is  difficult  to  show  conclusively  that 
it  is  the  particular  species  of  plant  that  can  be  the  real 
cause  of  coccinellid  presence,  it  has  been  convincingly 


Distribution  and  habitats  121 


n Hippodamia 
variegata 
a Ceratomegilla 
undecimnotata 
n Coccinella 
septem  punctata 
0 Adalia 
bipunctata 
□ Others 


Figure  4.3  Proportion  of  larvae  of  different  coccinellid  species  on  four  host  plant  species  infested  with  the  same  aphid,  Aphis 
fabae,  in  southern  France  (redrawn  from  Iperti  1966). 


demonstrated  in  some  cases.  Among  three  crops,  all 
infested  by  the  aphid  M.  persicae  at  the  same  density,  C. 
transversoguttata  preferred  sugar  beet  {Beta  vulgaris) 
while  its  numbers  on  broccoli  (Brassica  oleracea  Italica 
group)  and  radish  (Raphanus  sativus)  were  lower. 
Scymnus  marginicoUis  preferred  radish  to  broccoli  and 
sugar  beet  (Tamaki  et  al.  1981).  Sometimes  species- 
specific  host-plant  effects  become  manifest  only  in 
combination  with  specific  environmental  conditions. 
In  a study  of  herbaceous  weeds,  coccinellid  communi- 
ties were  more  and  more  dominated  by  A.  bipunctata  as 
the  abundance  of  aphids  increased.  The  only  exception 
was  the  coccinellid  community  on  the  scentless 
mayweed  (Triplewvspermum  maritimum)  growing  on 
saline  soils  where  A.  bipunctata  was  replaced  by  C. 
undecimpunctata.  The  communities  on  stinging  nettles 
{Urtica  dioica)  and  wormwood  (Artemisia  vulgaris)  were 
not  affected  by  soil  salinity  (Honek  1981).  Preference 
for  a particular  host  plant  is  sometimes  affected  by 
small  details  of  its  morphology.  Floral  architecture  is 
critical  in  whether  or  not  pollen  and  nectar  of  the  host 
plant  are  accessible  to  predators.  For  Col.  maculata,  dill 
(Anethum  graveolens)  and  coriander  (Coriandrum 
sativum)  both  have  a floral  morphology  that  comple- 
ments the  head  morphology  of  the  adult  ladybird  (Patt 
etal.  1997). 


That  a host  plant  is  suitable  for  coccinellids  is  indi- 
cated by  the  presence  of  larvae  (5.2.2).  Using  this  cri- 
terion LaMana  and  Miller  (1996)  found  that,  among 
common  North  American  coccinellids,  there  were  six 
species  that  preferred  trees  and  live  that  preferred 
herbs.  Although  adults  of  all  11  species  were  present 
on  both  trees  and  herbs,  larvae  were  found  only  on  the 
preferred  plant  type.  The  difference  between  communi- 
ties that  occur  on  particular  crops  may  be  due  to  the 
timing  of  aphid  presence.  In  Greece,  C.  septempunctata 
was  the  most  abundant  species  on  durum  wheat,  while 
Hip.  variegata  dominated  cotton  (Kavallieratos  et  al. 
2002).  This  was  probably  because  the  monovoltine  C. 
septempunctata  dominated  the  early  maturing  durum 
wheat  while  populations  of  polyvoltine  Hip.  variegata 
increased  in  numbers  with  the  course  of  the  season  to 
dominate  in  the  late  maturing  cotton. 

Co-existence  of  several  coccinellid  species  on  the 
same  host  plant  is  facilitated  by  them  occupying  differ- 
ent horizontal  strata  within  the  plant  stand  (4. 3.2.3). 
Musser&Shelton(2003)found  the  adults  of  Col.  macu- 
lata in  the  lower  stratum  of  a maize  crop  while  Har. 
axyridis  was  less  selective  (Fig.  4.4).  The  same  vertical 
distribution  of  both  species  was  found  in  field  cage 
experiments  by  Hoogendoorn  and  Heimpel  (2004).  As 
vertical  separation  of  different  coccinellid  species 
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Figure  4.4  Differences  in  the  vertical  distribution  (as  proportion  of  the  population  of  each  species  dwelling  in  the  upper, 
middle  and  lower  third  of  the  plants)  of  adult  Harmonia  axyridis  and  Coleomegila  nmculata  on  a maize  crop  in  the  eastern  USA 
(redrawn  from  Musser  & Shelton  2003). 


reduces  competition  between  them,  preferences  for 
particular  strata  became  exaggerated  in  cages  that 
contained  a mixture  of  both  species;  c.  70%  of  Col. 
maculata  were  in  the  bottom  and  lower  sections  of  the 
maize  plants  and  c.  80%  of  Rar.  axyridis  were  in  the 
middle  and  top  sections.  In  wheat.  A.  hipunctata 
preferred  the  inflorescences  while  P.  quatuordecimpunc- 
tata  preferred  the  lower  parts  of  the  plants  (Hemptinne 
et  al.  1988).  In  cotton,  Hip.  convergens  and  Col.  macu- 
lata preferred  leaves  and  terminals  early  in  the 
season  but  later  on  the  preferences  differed  and  Hip. 
convergens  was  found  on  the  fruits,  whereas  Col.  macu- 
lata was  found  on  both  leaves  and  fruits  (Gosper  et  al. 
1983). 

Coccinellid  communities  may  also  differ  between 
plants  of  the  same  species  but  different  age  because 
ageing  is  accompanied  by  changes  in  size.  Klausnitzer 
(1968)  found  a much  higher  incidence  of  Myrrha  octo- 
decimguttata  adults  (27%,  n = 188)  in  crowns  of  old 
large  trees  than  on  young  trees.  By  contrast,  Scymnus 
nigrinus,  the  second  species  in  order  of  abundance  on 
the  young  trees  was  scarce  in  the  crowns  of  old  trees. 
Gumos  and  Wisniewski  (1960)  compared  10  and  40 
year  old  pine  stands  and  found  a fourfold  abundance 
of  Anatis  ocellata  on  the  older  trees.  In  general,  coc- 
cinellid communities  of  young  pines  contained  more 


species  with  a broader  ecological  range  than  did  those 
of  the  crowns  of  old  pines  which  are  inhabited  by  a 
lower  number  of  stenotopic  species.  The  succession  of 
coccinellid  species  in  the  course  of  ageing  of  red  pine 
stands  infested  with  the  aphid  Schizolachnus  piniradiatae 
in  Canada  was  apparently  brought  about  by  a gradual 
decrease  in  prey  density  (Gagne  & Martin  1968).  Coc- 
cinella  transversoguttata  and  Scymnus  lacustris  were 
dominant  in  younger  stands,  whereas  Mulsantina  picta 
and  Anatis  mali  were  most  common  in  older  planta- 
tions. In  Israel,  Chil.  hipustulatus  was  more  abundant 
in  mature  citrus  groves  (23-30  year  old)  than  in  young 
ones  (7-9  year  old)  (Rosen  & Gerson  1965).  The  causes 
of  differences  in  attractivity  for  coccinellids  other  than 
tree  size  (e.g.  microclimate)  remain  to  be  studied. 

Effects  of  intraspecific  genetic  differences  between 
host  plants  have  been  investigated  mainly  because  of 
public  concerns  over  food  safety  and  the  environmen- 
tal hazards  of  transgenic  and  herbivore-resistant  crops 
in  general.  No  difference  in  the  abundance  of  C.  sep- 
tempunctata,  Har.  axyridis  and  Hip.  convergens  were 
found  between  transgenic  potatoes  containing  Cry3A 
gene  for  Bacillus  thuringiensis  (Bt)  endotoxin  and  clas- 
sical non-transgenic  ones  (Riddick  et  al.  2000;  Fig. 
4.5).  Direct  exposure  to  the  Bt  toxin  expressed  in  trans- 
genic plants  had  little  effect  on  the  activity  and 
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Figure  4.5  Cumulative  abundance  of  adult  Coccinella 
septempunctata,  Harmonia  axyridis  and  Hippodamia  convergens 
on  transgenic  and  nontransgenic  potato.  Average  (±SE) 
results  for  1994  and  1995.  The  differences  between 
particular  species  and  years  were  not  significant  (redrawn 
from  Riddick  et  al.  2000). 

abundance  of  Menochilus  sexmaculatus  (Dhillon  & 
Sharma  2009).  Differences  in  coccinellid  abundance 
were  only  found  (Torres  & Ruberson  2005)  when 
use  of  pesticides  on  transgenic  crops  ceased,  and 
the  increased  numbers  of  predaceous  Coccinellidae 
became  part  of  an  integrated  pest  management  system 
(Obrycki  et  al.  2009).  Selection  of  crops  for  resistance 
to  phytophagous  pests  thus  may  result  in  decreasing 
abundance  of  pest  populations  with  only  minor  effects 
on  coccinellid  assemblages  so  that  the  standard 
correlation  between  cocinellid  and  prey  density 
(4. 3. 2.1)  does  not  hold  so  strongly  with  host  plant 
resistance.  The  synergism  of  lowering  pest  numbers  as 
a consequence  of  breeding  crops  for  resistance  and 
simultaneous  preservation  of  high  coccinellid  numbers 
in  the  crop  stands  may  have  positive  consequences  for 
using  biological  control  (van  Emden  2010).  In  stands 
of  spring  wheat  cultivars  resistant  or  susceptible  to  the 
aphid  Diuraphis  noxia,  there  were  no  differences  in 
abundance  of  C.  septempunctata,  C.  transversoguttata, 
C.  trifasciata  and  Hip.  convergens  (Bosque-Perez  et  al. 
2002).  Francis  et  al.  (2001)  showed  small  differences 


in  oviposition  and  larval  development  of  A.  hipunctata 
fed  the  aphid  M.  persicae  on  bean  (Vicia  faba,  glucosi- 
nolate  free),  rape  (Brassica  napus,  low  glucosinolate 
content)  and  white  mustard  (Sinapis  alba,  high  glucosi- 
nolate content).  However,  the  effect  of  host  plant 
substances  on  coccinellid  performance  mediated  via 
the  prey  is  not  always  negligible.  Thus  endophytic 
fungi  (endophytes)  in  the  host  plant  may  change 
plant  and  prey  quality  with  effects  on  coccinellids. 
Mycotoxins  from  perennial  ryegrass  (Lolium  perenne) 
infected  with  Neotyphodium  lolii  were  transmitted  by 
the  aphid  R.  padi  to  C.  septempunctata,  whose  develop- 
ment took  longer  and  adult  survival  and  fecundity 
were  reduced  (de  Sassi  et  al.  2006)  (5.2). 

The  host  plant  may  further  affect  coccinellid 
communities  by  providing  supplementary  food 
(=non-prey  food),  pollen,  nectaries  or  damaged  fruits 
attractive  to  adults  and/ or  enhancing  larval  perform- 
ance (Lundgren  2009).  Pollen  is  particularly  important 
for  larvae  of  some  species.  With  Col.  maculata,  oviposi- 
tion and  larval  density  in  maize  stands  increased  after 
anthesis  but  the  abundance  of  adults  did  not.  Never- 
theless, larvae  fed  only  maize  pollen  showed  extended 
development  time  and  finally  decreased  adult  weight 
and  fecundity  compared  to  beetles  reared  on  aphids 
(Honek  1978b,  Lundgren  & Wiedenmann  2004, 
Lundgren  et  al.  2004).  Also  Cottrell  and  Yeargan 
(1998a)  reported  an  increase  of  larval  populations  of 
Col.  maculata  in  plots  with  abundant  pollen.  Nectar, 
provided  by  flowers  or  extrafioral  nectaries  supplement 
coccinellid  food.  Host  plants  with  more  nectaries  may 
be  more  attractive  to  adults  but  the  presence  of  such 
supplementary  food  may  decrease  predation  by  them. 
Under  experimental  conditions  there  was  a significant 
reduction  in  predation  on  the  aphid  Aphis  spiraecola 
by  Har.  axyridis  on  apple  shoots  when  a peach  shoot 
with  extrafioral  nectaria  was  also  provided  (Spellman 
et  al.  2006).  Damaged  fruits  also  provide  additional 
sources  of  food  for  the  beetles.  Harmonia  axyridis 
adults  preferred  damaged  pumpkin,  apple,  grape  and 
raspberry  fruits  over  intact  fruits,  because  of  the  higher 
sugar  content,  and  not  only  as  a water  source  (Koch 
et  al.  2004). 

Finally,  plant  surfaces  are  important  in  the  search- 
ing and  prey  capture  efficiency  of  both  larvae  and 
adults  (5.4).  Cottrell  and  Yeargan  (1999)  established 
that  larvae  of  Col.  maculata  born  on  hophornbeam 
copperleaf  Acalypha  ostryaefolia  were  unable  to  leave 
because  they  could  not  pass  over  the  glandular  tri- 
chomes  on  the  leaf  petioles.  The  only  way  they  could 
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Figure  4.6  Different  behaviours  of  adult  female  Hippodamia  convergens  on  two  isogenic  lines  of  pea  (Pisum  sativum),  one  with 
a leaf  surface  with  reduced  wax  cover  {‘low  wax’)  and  the  other  covered  with  a normal  wax  bloom  (‘normal  wax’)  (redrawn 
from  Eigenbrode  et  al.  1998). 


escape  was  by  dropping  to  the  ground.  The  effect  of 
plant  surfaces  on  searching  activity  is  well  docu- 
mented. Reduction  in  surface  waxbloom  in  isogenic 
lines  of  pea  (Pisum  sativum)  improved  the  effectiveness 
of  movement  and  prey  capture  by  adult  Hip.  convergens 
significantly  at  low  prey  densities  (Eigenbrode  et  al. 
1998)  (Fig.  4.6).  Indeed,  the  waxbloom  on  most 
pea  varieties  is  slippery  enough  to  cause  many  Hip. 
convergens  and  C.  septempunctata  to  fall.  Experiments  by 
Kareiva  and  Sahakian  (1990)  showed  percentage  falls 
for  the  two  coccinellids  to  be,  respectively,  32  and  47%, 
while  the  comparable  figures  on  ‘leafless’  pea  varieties 
were  only  9 and  26%.  The  latter  varieties  are  resistant 
to  powdery  mildew  Erisyphe  polygoni  because  the  leaf 
area  has  been  largely  replaced  by  a profusion  of  green 
stipules  and  tendrils;  particularly  the  tendrils  provide 
a firm  hold  for  ladybirds.  As  a result,  predation  is 
much  improved,  and  leafless  peas  show  an  apparent 
resistance  to  A.  pisum  which  they  do  not  possess  in 
the  absence  of  ladybirds.  Similarly,  predation  of  the 
lepidopteran  Plutella  xylostella  larvae  by  Hip.  convergens 
adult  females  was  significantly  greater  on  the  less 
waxy  ‘glossy’  than  on  normal  waxbloom  isogenic 
plants,  again  because  of  better  adhesion  on  the  former 


(Eigenbrode  & Kabalo  1999).  Glandular  trichomes 
of  tobacco  leaves  significantly  decreased  the  search 
speed  of  Hip.  convergens  larvae  (Belcher  & Thurston 
1982). 

4.3. 2. 3 Microclimate 

The  effects  of  microclimate  are  obviously  associated 
with  the  density  and  structure  of  host  plants.  It  is  thus 
hard  to  discriminate  between  the  effect  of  both,  and  the 
importance  of  microclimatic  effects  is  therefore  fre- 
quently underestimated. 

The  impact  of  microclimate  on  the  distribution  of 
coccinellid  adults  and  larvae  in  cereals  was  demon- 
strated by  Honek  (1979,1982  a).  The  density  of  cereal 
crops  may  vary  widely  and  this  influences  plant,  air 
and  soil  surface  temperatures  as  well  as  humidity.  On 
bright  June  days,  the  temperature  difference  between 
the  coolest  and  warmest  sites  within  a cereal  crop  may 
be  as  high  as  17°C.  Adult  C.  septempunctata  and  C. 
quinquepunctata  preferred  sparse,  well-insolated  areas 
with  a warm  microclimate,  while  P.  quatuordecimpunc- 
tata  was  less  choosy  and  tolerated  dense  areas  with  a 
cooler  microclimate.  Adult  preferences  at  different 
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Figure  4.7  Searching  speed  of  adults  of  three  coccinellid  species  in  relation  to  ambient  temperature  in  stands  of  spring 
cereals  in  central  USA  (redrawn  from  Elliott  et  al.  2000). 


places  were  correlated  with  larval  density  and  appar- 
ently also  with  larval  preferences  (Honek  1983). 
Preferences  for  a particular  microclimate  may  be 
reflected  in  the  daily  movements  of  coccinellids  on 
plants.  During  the  cool  morning  hours,  adult  C. 
septempimctata  may  bask  on  the  upper  parts  of  the 
plants  or  on  bare  ground  (Honek  1985a).  Within-plant 
movement  may  be  facilitated  by  innate  circadian 
activity  of  the  species,  as  in  Col.  maculata  (Benton  & 
Crump  1981)  or  C.  septempimctata  (Zotov  1983, 
Nakamuta  1987:  5.4.1. 1). 

The  causes  of  differences  in  vertical  distribution  of 
particular  coccinellids  on  host  plants  are  often  prefer- 
ences for  specific  microclimate,  fn  crops  of  maize 
and  barley,  Ewert  & Chiang  (1966)  found  that  Hip.  con- 
vergens  and  Hip.  tredecimpimctata  preferred  the  upper 
parts  of  the  plants,  while  Col.  maculata  preferred  the 
lower  parts.  These  differences  could  be  attributed  to 
the  vertical  gradient  of  decreasing  humidity  towards 
the  top  of  the  crop.  The  preferences  of  the  coccinellids 
for  plant  stratum  were  correlated  with  their  resistance 
to  desiccation.  Coccinella  septempimctata  prefers  the  top 
section  of  plants  regardless  of  their  height,  probably 
because  this  provides  the  opportunity  of  thermoregu- 


latory basking.  A similar  vertical  distribution  of  C. 
septempimctata  was  observed  on  tall  hop  plants  (J. 
Zeleny,  unpublished)  and  on  about  10-times  shorter 
dense  cereal  stands  (A.  Honek,  unpublished). 

Recently,  microclimate  has  attracted  little  attention 
but  behavioural  studies  support  earlier  conclusions. 
Thus  C.  septempimctata,  which  prefer  a warm  microcli- 
mate, lay  eggs  at  warm  places  which  they  may  often 
find  on  the  surface  of  unnatural  objects  including 
metal  cans,  wood  and  concrete  structures  (Sakuratani 
& Nakamura  1997),  For  pupation,  the  larvae  select 
sites  exposed  to  solar  radiation,  and  pupate  in  positions 
that  optimize  body  warming  (Sakuratani  et  al.  1991). 
In  warm-adapted  Hip.  convergens,  Hip.  tredecimpimctata 
and  Col.  maculata,  the  proportion  of  time  spent  in  flight 
activity,  searching  for  aphids  and  handling  time  to  eat 
them  were  positively  correlated  with  temperature 
(Elliott  et  al.  2000;  Fig.  4.7). 

4. 3. 2. 4 Landscape 

Recently  much  attention  has  been  paid  to  the  effects 
of  surroundings,  spatial  distribution  and  composi- 
tion of  plant  stands  as  well  as  to  the  effects  of 
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orographic  diversity  of  landscape,  on  the  coccinellid 
community  at  a particular  habitat.  The  effect  of  alien 
plant  species  was  first  shown  as  an  influence  of  other 
plants  mixed  into  the  stand  of  host  plant  of  the  prey. 
Coccinellids  frequently  benefit  from  diversification 
created  by  planting  different  crop  species  together. 
The  abundance  of  Col.  maculata  was  increased  by 
growing  beans  {Phaseolus  vulgaris)  or  squash  {Cuciir- 
hita  maxima)  with  maize  providing  a source  of  pollen 
and  aphids  (Wetzler  & Risch  1984,  Andow  & Risch 
1985).  A positive  effect  of  weeds  in  a crop  stand  on 
reducing  phytophagous  pests  and/or  increasing  coc- 
cinellid density  has  frequently  been  demonstrated 
(Horn  1981).  As  an  example  of  this,  the  abundance  of 
Col.  maculata  was  higher  in  maize  crops  containing  the 
weed  hophornbeam  copperleaf  (Acalypha  ostryaefolia) 
than  in  weed-free  stands  (Cottrell  & Yeargan  1998b) 
because  the  ladybird  preferred  to  oviposit  on  the  weed 
(Cottrell  & Yeargan  1999). 

Coccinellid  communities  on  the  prey  host  plant  are 
also  influenced  by  plants  growing  at  the  edge  of  a 
crop.  The  adults  leave  crops  to  evaluate  the  quality  of 
surrounding  habitats,  a movement  termed  ‘resource 
mapping’.  This  opens  access  to  spatially  separated 
resources  and  may  cause  an  ‘edge  effect’,  i.e.  the  accu- 
mulation of  individuals  at  the  edge  of  the  crop  (Ries 
et  al.  2004).  Adjacent  uncultivated  land  may  also 
provide  refuge  and  food  for  ladybirds  when  prey  is 
scarce  on  the  agricultural  crops  and  to  bridge  gaps  in 
synchronization  with  the  pest  species  serving  as  prey. 
Parts  of  a field  may  also  have  a similar  function  (van 
den  Bosch  et  al.  1959).  These  results  led  to  the  idea  of 
‘strip  cutting’  of  alfalfa  in  California  in  the  1950s 
(Schlinger  & Dietrick  1960).  This  practice  allowed  the 
movement  of  adult  C.  transversalis  from  harvested  to 
unharvested  strips  during  the  24  hours  following  a 
harvest.  The  coccinellids  colonized  these  strips  near  the 
edge:  therefore  densities  decreased  with  increasing 
distance  from  the  borders  with  the  harvested  strips 
(Hossain  et  al.  2002).  Such  a decline  in  density  of 
coccinellids  also  occurs  on  non-crop  plants  at  the  edge 
of  the  crop.  Wormwood  (Artemisia  vulgaris),  tansy 
[Tanacetum  vulgare)  and  stinging  nettle  (Urtica  dioica) 
planted  as  bordering  vegetation,  significantly  increased 
the  density  of  adults  and  larvae  of  C.  septempunctata. 
A.  bipunctata  and  P.  quatuordecimpiinctata  on  lettuce 
(Lactuca  sativa)  plants  compared  to  the  control  lettuce 
field  not  surrounded  by  weedy  margins  (Sengonca 
et  al.  2002).  In  northern  Italy,  coccinellids  were  also 
more  abundant  in  crops  with  weedy  field  edges 


bordered  by  hedgerows  of  young  trees  than  in  crops 
bordered  by  hedgerows  consisting  of  old  trees  (Burgio 
et  al.  2006). 

The  increasing  interest  in  nature  conservation  has 
made  it  clear  that  fragnieutatiou  of  the  habitat,  the 
size  of  fragments  and  their  distance  one  from  the  other 
can  affect  coccinellid  abundance.  In  a pioneer  study, 
Kareiva  (1987)  showed  that,  in  a stand  of  Canada 
golden-rod  (Solidago  canadensis)  populated  by  Uroleucon 
nigrotuberculatum  aphids,  that  fragmentation  of  the 
stand  into  1 x 1 m plots  led  to  more  frequent  local 
explosions  of  aphid  than  in  unfragmented  area. 
The  population  dynamics  of  U.  nigrotuberculatum  in 
the  fragmented  plots  became  less  stable  than  in  the 
unfragmented  area  because  of  differential  predation  by 
C.  septempunctata.  Experimentally  established  aphid 
colonies  were  eliminated  (eaten  by  ladybirds)  twice  as 
frequently  in  the  unfragmented  area  (67%  of  colonies 
destroyed)  than  in  the  fragmented  area  (only  30%  of 
colonies  destroyed).  In  contrast,  Grez  et  al.  (2004) 
showed  that  dividing  an  area  of  alfalfa  into  several 
plots  separated  by  bare  ground,  resulted  in  coccinellid 
abundance  being  only  slightly  influenced  by  plot  size 
and  distance  between  them.  The  optimum  for  coccinel- 
lid abundance  was  fragmentation  into  small  patches  a 
short  distance  apart.  The  effect  was  transitory  and 
influenced  Hip.  variegata  and  Hip.  convergens  more  than 
Eriopis  connexa.  The  same  authors  later  showed  that 
the  effect  of  the  loss  of  habitat  area  (84%  of  the  alfalfa 
crop  removed  from  the  30  x 30m  experimental  plots) 
and  extent  of  its  fragmentation  (experimental  plots 
divided  into  1 , 4 or  1 6 fragments)  did  not  affect  overall 
coccinellid  abundance  but  that  particular  species, 
Hyperaspis  sphaeridioides  and  A.  bipunctata  were  most 
abundant  in  plots  where  84%  of  alfalfa  stand  had  been 
removed.  The  difference  in  population  density  persisted 
for  long  time  only  for  A.  bipunctata  (Grez  et  al.  2008). 
Coccinellids  avoided  bare  ground,  remained  longer  in 
alfalfa  plots  than  on  bare  ground  and  were  more  prone 
to  move  between  crop  fragments  if  these  were  close  to 
each  other.  Coccinellids  tended  to  stay  longer  in 
non-fragmented  than  in  fragmented  plots,  although 
aphid  abundance  was  similar  throughout  the  experi- 
mental area  (Grez  et  al.  2005).  In  experiments  by 
Banks  (1999),  strips  of  broccoli  were  interspersed  with 
sections  sown  to  weeds  representing  25,  50  and  75% 
of  the  total  strip  area.  The  strips  containing  particular 
percentages  of  weed  cover  were  sown  each  in  three 
replicates  with  weedy  area  divided  into  2,  4 or  8 
fragments.  The  abundance  of  C.  septempunctata  was 
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not  affected  by  the  proportion  of  total  strip  area  sown 
by  weeds  but  was  significantly  but  not  consistently 
influenced  by  the  extent  of  its  fragmentation. 

Finally,  the  global  character  of  the  landscape, 
which  includes  not  only  fragmentation  and  composi- 
tion of  the  vegetation  cover  but  also  the  agriculture 
practices  used,  has  its  effects  on  coccinellid  abundance. 
Several  examples  have  accumulated  in  the  last  years. 
Bianchi  et  al.  (2007)  showed  that  the  long-term 
decrease  in  the  abundance  of  C.  septempunctata  in  the 
Czech  Republic  may  have  been  caused  by  changes  in 
agricultural  practices,  including  reduced  use  of  fer- 
tilizers and  changes  to  the  crop  species  grown.  These 
changes  occurred  after  agricultural  production  ceased 
to  be  subsidized.  C.  septempunctata  only  partially  coped 
with  these  changes  in  spite  of  the  plasticity  of  its  life 
cycle  based  on  ‘phenotypic  polymorphism’,  i.e.  the 
element  of  its  plasticity  that  enables  it  to  occupy  a wide 
ecological  niche  and  extensive  geographical  area 
(Hodek  & Michaud  2008).  In  the  USA,  Gardiner  et  al. 
(2009)  showed  that  domestic  Hip.  convergens  was 
replaced  by  the  invasive  C.  septempunctata,  Hai:  axyridis, 
Hip.  variegata  and  P.  quatuordecimpunctata.  but  less  so  in 
grassland  dominated  landscapes  with  low  structural 
diversity  and  low  amount  of  forests  than  in  landscapes 
with  other  characteristics.  Intensively  managed  agri- 
cultural areas  therefore  represent  landscape-scale 
refuges  for  native  coccinellid  diversity  (Gardiner  et  al. 
2009).  The  effect  of  landscape  varies  with  geographic 
area  and  more  information  on  the  impact  on  coccinel- 
lids  is  needed  from  the  tropics.  In  a study  in  Swaziland, 
Magagula  & Samways  (2001)  showed  that  the  highest 
coccinellid  abundance  and  diversity  was  in  orchards, 
smaller  in  riparian  areas  and  least  in  dry  savannah. 
Prey  availability  was  the  most  important  determinant 
of  coccinellid  presence;  humidity,  temperature  and 
ground  insolation  had  no  effect. 

Switching  between  habitats  is  important  for  the 
maintenance  of  coccinellid  populations,  which  in  this 
way  can  exploit  seasonal  changes  of  quality  in 
different  habitats.  A number  of  case  studies  have 
documented  coccinellids  switching  between  stands  of 
wild  herbs,  trees,  shrubs  and  crops.  In  a typical  case, 
which  represents  the  life  cycle  of  coccinellids  in  tem- 
perate zones,  adults  leave  the  overwintering  sites  to 
feed  on  wild  herbs,  shrubs  or  trees  populated  with  prey 
early  in  the  season,  move  between  them,  then  fly  to 
crops  which  have  been  infested  early  by  aphids;  they 
occasionally  change  between  crops  where  they  repro- 
duce. Adults  of  the  last  generation  of  the  year  finally 


again  move  to  tree,  shrub  and  wild  herb  hosts  before 
hibernation.  These  movements  have  been  amply  docu- 
mented for  coccinellids  in  Europe  (Banks  1955,  Lusis 
1961,  Hodek  et  al.  1962,  1966,  Iperti  1965,  Honek 
1982b,1989,  Hemptinne  & Naisse  1988)  and  central 
Asia  (Yakhontov  1966,  Aleksidze  1970,  Savoiskaya 
1970)  and  hold  also  for  North  America  where  the 
distribution  of  coccinellid  species  follows  the  sequence 
of  aphid  populations  as  they  become  available  in 
different  crops  (French  et  al.  2001).  The  factor  deter- 
mining these  seasonal  migrations  between  habitats  is 
the  search  for  food.  In  the  spring.  Col.  maculata  migrate 
from  hibernacula  to  first  arrive  in  wheat,  but  later 
on  in  June-August  they  move  to  maize  because  of  the 
changing  availability  of  aphids  (Nault  & Kennedy 
2000).  Similar  food-motivated  changes  of  habitat  were 
observed  in  subtropical  and  tropical  areas  (Wiesmann 
1955,  Brown  1969,  Iperti  et  al.  1970,  Laudeho  et  al. 
1970). 

Movement  between  habitats  is  by  flight  (6. 3. 1.3). 
Most  displacements  are  probably  accomplished  by 
trivial  flights,  which  occur  near  the  ground.  Boiteau  et 
al.  (1999)  studied  the  altitudinal  distribution  of  flights 
using  window  traps  placed  0.8-14.3  m above  the 
ground.  Maximum  catches,  consisting  mainly  of  Hip. 
convergens,  C.  septempunctata  and  C.  trifasciata,  were  at 
0.8  m.  The  flight  of  the  other  18  species  caught  in  this 
study  was  more  evenly  spread  with  respect  to  altitude. 
Sarospataki  & Marko  (1995)  also  established  abundant 
trivial  flight  activity  in  a short  period  at  the  end  of  June 
of  C.  septempunctata  at  0-2  m above  ground  level  while 
migrants  captured  above  the  vegetation  at  2 5-2  7 m 
height  were  very  few. 


4.3.3  Dominance,  diversity  and  niche 
differentiation 

The  structure  of  coccinellid  communities  in  different 
habitats  shares  common  features  that  enable  a few 
generalizations  to  be  made.  The  spatial  and  trophic 
capacity  of  any  habitat  is  limited,  and  the  length  of 
time  that  suitable  conditions  persist  is  rather  short. 
Thus  only  a limited  number  of  individuals  and  species 
may  successfully  survive  and  breed  at  a given  place. 
This  determines  the  general  similarity  in  the  numbers 
of  species  and  their  order  of  dominance  in  coccinellid 
communities  in  different  parts  of  the  world. 

At  any  habitat,  the  coccinellid  community  will 
contain  a few  dominant  species.  Usually  two  to  four 
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species  will  represent  more  than  90%  of  the  individu- 
als. The  other  coccinellids,  although  often  several  times 
greater  in  number  of  species  than  the  dominant  ones, 
yet  represent  only  a small  fraction  of  the  total  number 
of  individuals  present.  Comparative  studies  of  diversity 
and  dominance  were  made  in  maize  crops  and  apple 
orchards  in  Hungary  (Loevei  1981,  Radwan  & Loevei 
1982,  1983,  Loevei  et  al.  1991).  Larval,  pupal  and 
adult  communities  in  the  maize  crops  grown  under 
three  different  regimes  consisted  respectively  of  7,  6 
and  1 1 species,  and  the  proportion  of  the  most  abun- 
dant species  in  the  total  population  of  each  develop- 
ment stage  ranged  between  0.42-0.93,  0.31-0.47  and 
0.41-0.68,  respectively.  The  results  for  the  apple 
orchards  were  similar  regardless  of  whether  they  were 
treated  with  insecticides  or  not. 

A frequent  aim  of  habitat  studies  is  to  define  the 
niches  of  individual  coccinellid  species  and  empiri- 
cally compare  the  differences  between  these  niches. 
The  concept  of  niche  with  regard  to  coccinellids  was 
reviewed  by  Snyder  (2009).  The  species  may  be  sepa- 
rated one  from  the  other  by  using  different  habitats 
(spatial  niche),  using  the  same  habitat  at  different 
time  (temporal  niche)  or  using  a specific  prey  (prey 
choice  niches).  The  knowledge  necessary  to  recog- 
nize different  kinds  of  niche  separation  in  the  open  is 
to  determine  the  relative  abundance  of  a species  which 
means  its  proportion  in  the  sample  of  the  coccinellid 
community  of  a habitat,  and  identifying  the  habitat 
by  a number  of  characteristics  each  of  which  could 
influence  coccinellid  abundance.  Honek  & Rejmanek 
(1982)  classified  45  samples  of  adults  captured  in 
stands  of  14  crop,  wild  herb  and  tree  species  (habitats). 
Five  groups  of  communities  were  distinguished  by  dif- 
ferences in  the  dominance  of  particular  species.  Three 
groups  consisted  of  communities  of  herbaceous 
stands  inhabited  by  aphid  populations  of  low  or  mod- 
erate density,  mainly  field  crops.  Communities  of  each 
of  these  three  groups  were  dominated  by  one  of  the 
common  species:  P.  quatuordecimpunctata,  C.  septem- 
punctata  or  Hip.  variegata.  The  other  two  groups  con- 
sisted of  communities  inhabiting  trees  or  wild  herbs 
with  dense  aphid  populations.  These  differed  each 
other  in  the  relative  proportions  of  A.  bipunctata  and  C. 
septempunctata.  Using  this  data  retrieved  from  habitat 
studies  then  enabled  the  calculation  of  niche  breadth 
for  each  species  and  the  overlap  with  the  niches  of 
other  species  (Honek  1985b).  Nedved  (1999)  devel- 
oped this  analysis  further,  and  classified  the  prefer- 
ences of  particular  species  as  reflected  by  their  presence 


on  host  plant  species  which  were  each  infested  by  a 
single  species  of  aphid.  He  distinguished  eight  groups 
of  coccinellid  species  which  we  list  here  with  their 
main  representatives:  (i)  tree  canopy  species  (Myrrha 
octodecimguttata,  Hai:  quadripunctata),  (ii)  steppe  species 
also  inhabiting  field  localities  (C.  quinquepunctata, 
Scymnus  frontalis),  (iii)  tree-inhabiting  species  not 
restricted  to  feeding  on  aphids  (Calvia  quatuordecimgut- 
tata),  (iv)  generalist  species  characteristic  of  shrubs 
and  trees  (A.  bipunctata),  (v)  common  field  species  (C. 
septempunctata),  (vi)  species  restricted  to  spruce  (A.  con- 
glomerata),  (vii)  species  restricted  to  oak  (Scymnus 
auritus,  Stethorus punctillum)  and  (viii)  species  restricted 
to  pine  (Anatis  ocellata).  Coderre  et  al.  (1987)  measured 
niche  differences  for  oviposition  preference,  between 
four  species  of  aphidophagous  predators,  including 
Col.  maculata  and  Hip.  tredecimpunctata.  Oviposition 
preferences  were  clearly  separable  on  each  of  the  three 
principal  axes  which  may  be  interpreted  as  (i)  aphid 
abundance,  (ii)  timing  of  oviposition  and  vertical  dis- 
tribution of  egg  clusters  on  the  host  plant,  and  (iii) 
distance  from  the  field  margin. 


4.4  COCCINELLID  COMMUNITIES  OF 
PARTICULAR  HABITATS 

As  was  pointed  out  in  4.1,  the  identification  of 
coccinellid  habitats  according  to  units  created  by 
humans  may  be  unjustified.  By  dividing  the  landscape 
in  this  way  we  may  overlook  differences  in  envi- 
ronmental quality  that  are  unimportant  from  the 
human  perspective  but  important  for  coccinellids.  An 
apparently  uniform  stand  thus  may  represent  a mosaic 
of  conditions  perceived  by  coccinellids  as  different 
habitats.  Nevertheless,  faunas  of  different  stands  as 
distinguished  by  humans  continue  to  be  studied  and 
here  we  summarize  some  recent  results.  The  stands  are 
classified  into  three  groups:  crops,  wild  herbaceous 
plants  and  trees.  For  each  group  the  results  are 
presented  separately  for  the  Palearctic  (Europe)  and 
Nearctic  (USA  and  Canada)  regions. 

Stands  of  crops  host  ladybird  communities  made 
up  of  only  few  species.  This  is  true  for  Europe  (Table 
4.1)  where  coccinellid  communities  were  dominated 
( dominant  species  are  those  that  make  more  than  5 % of 
the  total  coccinellid  population)  by  C.  septempunctata. 
Less  important  were  C.  quinquepunctata  and  P.  quat- 
uordecimpunctata. The  crop  stands  have  not  yet  been 
dominated  by  the  invasive  Har.  axyridis  ( Ameixa  2010). 
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Table  4.1  Relative  abundance  (%)  of  coccinellid  species  on 
crops,  Europe. 


A 

B 

C 

D 

Adalia  hipunctata 

— 

4.7 

— 

0.3 

Adalia  decempunctata 

— 

0.6 

— 

— 

Anisosticta 

— 

— 

— 

0.1 

novemdecimpunctata 

Aphidecta  obliterata 

— 

— 

— 

0.1 

Chilocorus  bipustulatus 

— 

— 

— 

0.1 

Chilocorus  renipustulatus 

— 

— 

— 

0.1 

Coccidula  rufa 

10.7 

— 

0.4 

2.2 

Coccinella  hieroglyphica 

+ 

— 

— 

— 

Coccinella  quinquepunctata 

2.8 

— 

9.1 

6.8 

Coccinella  septempunctata 

86.0 

89.2 

90.5 

80.1 

Coccinula 

0.1 

— 

— 

0.2 

quatuordecimpustulata 

Hippodamia 

— 

1.4 

— 

0.6 

tredecimpunctata 

Hippodamia  variegata 

+ 

1.4 

— 

— 

Myzia  oblongoguttata 

— 

— 

— 

0.1 

Propylea 

0.4 

2.5 

— 

9.0 

quatuordecimpunctata 

Scymnus  frontalis 

— 

— 

— 

0.1 

Scymnus  haemorrhoidalis 

+ 

— 

— 

0.2 

Scymnus  suturalis 

— 

— 

— 

0.1 

Scymnus  sp. 

— 

0.3 

— 

— 

+ species  recorded  in  <0.1%  frequency. 

A Finiand,  cereais,  N = 5824  (Ciayhiiis  & Markkuia  1974); 
B Serbia,  cereais,  A/ = 361  (Tomanovic  et  ai.  2008); 
C Finiand,  potato.  N = 504  (Ciayhiiis  & Markkuia  1974); 
D Finiand,  forage  leguminosae,  A/ = 1752  (Ciayhiiis  & 
Markkuia  1974). 

The  communities  of  crops  in  the  Nearctic  are  more 
diversified.  Six  species  of  coccinellids  may  become  dom- 
inant in  the  communities  of  cereals  (Table  4.2)  and  nine 
species  in  the  communities  of  other  crops  (Table  4.3). 
This  is  because  in  communities  of  crops  the  dominant 
positions  may  be  taken  not  only  by  native  species  typical 
for  the  herbaceous  stratum.  Col.  maculata,  Cydoneda 
munda.  Hip.  convergens,  Hip.  parenthesis,  Hip.  sinuata  and 
Hip.  tredecimpunctata,  but  also  by  species  introduced 
from  the  Palearctic,  C.  septempimctata  and  P.  quatuor- 
decimpunctata.  Harmonia  axyridis,  a species  which  in 
Europe  is  typical  for  communities  of  tree  stands,  became 
dominant  in  maize  (Lucas  et  al.  2007,  Musser  & Shelton 
2003),  medicinal  crops  (Lucas  et  al.  2 00  7)  and  soybean 
(Lucas  etal.  2007,  Schmidt  et  al.  2008).  The  coccinellid 
communities  of  crops  in  the  Nearctic  are  thus  originally 
more  diversified  but  apparently  less  resistant  to  invasion 
of  alien  species  than  the  communities  of  Europe. 


The  coccinellid  communities  inhabiting  stands  of 
wild  herbs  in  Europe  (Table  4.4)  are  more  diversified 
than  the  communities  inhabiting  crops.  This  is  because 
the  coccinellid  fauna  of  wild  herbs  consists  both  of 
species  typical  for  the  herbaceous  stratum  (C.  septem- 
punctata,  Hip.  variegata,  P.  quatuordedmpunctata)  and  of 
species  typical  for  trees  (A.  hipunctata). 

Trees  host  still  more  diversified  communities  of  coc- 
cinellids. Recent  studies  in  Europe  (Table  4.5)  have 
concerned  communities  of  deciduous  trees  in  the 
western  and  northern  parts  of  the  continent  (Ciayhiiis 
& Markkuia  1974.  Leather  et  al.  1999).  Interestingly, 
the  community  of  a Mediterranean  citrus  orchard 
was  similar  to  that  of  deciduous  trees  (Kavallieratos  et 
al.  2004).  In  contrast,  a study  of  communities  of 
coniferous  trees  (Selyemova  et  al.  2007)  pointed  out 
the  distinct  difference  from  broad-leaved  trees.  Several 
studies  of  North  American  apple  orchards  (Table  4.6) 
showed  a dominance  of  alien  species  C.  septempimctata, 
Hai:  axyridis  and  P.  quatuordecimpunctata  over  native 
species  (Brown  & Miller  1998,  Brown  2004,  Lucas  et 
al.  2007).  On  wild  trees  (Table  4.7)  the  dominance  of 
alien  species  in  the  coccinellid  communities  was  less 
prominent  but  Har.  axyridis  dominated  in  one  study  of 
Oregon  (LaMana  & Miller  1996). 

Unlike  European  and  North  American  communities, 
those  of  other  parts  of  the  world  have  been  less  studied 
(Table  4.8).  Data  from  the  East  Palearctic  (Yu  1999) 
and  Africa  (Woin  et  al.  2000,  Magagula  & Samways 
2001)  indicate  that  communities  of  tropical  and 
subtropical  areas  may  be  more  diverse  than  those  of 
temperate  zones.  This  is,  of  course,  expected  consider- 
ing the  greater  species  richness  in  the  tropics. 

The  above  data  illustrate  the  limitations  of  current 
work  on  coccinellid  communities.  First,  the  examples 
of  these  communities  have  nearly  all  been  retrieved 
from  papers  published  in  high-impact  journals. 
Although  this  may  guarantee  quality,  the  other  side 
of  the  coin  is  that  the  data  are  always  published  to 
illustrate  something  other  than  coccinellid  community 
structure.  Because  of  the  difficulties  in  publishing 
raw  community  data  in  ‘high  quality’  journals,  the 
majority  probably  ends  up  in  what  is  called  the  ‘grey 
literature’,  i.e.  local  publications,  conference  proceed- 
ings or  university  theses.  How  much  better  would  it 
be  if  this  information  was  collected  and  subjected 
to  meta-analysis!  The  second  drawback  is  that  there 
is  enormous  variation  in  the  quality  of  species  deter- 
mination. ff  the  data  on  aphidophagous  species  were 
limited  to  the  subfamily  coccinellinae,  different  studies 


Table  4.2  Relative  abundance  (%)  of  coccinellid  species  on  small  grain  cereals  and  maize,  North  America. 


A 

B 

C* 

D 

E 

F 

G 

H 

1 

Adalia  bipunctata 

— 

— 

— 

— 

0.5 

— 

0.2 

0.4 

— 

Coccinella  septempunctata 

7.5 

6.5 

1 

2.0 

3.9 

2.5 

2.1 

5.5 

3.3 

Coccinella  transversoguttata 

— 

1.3 

6 

— 

— 

— 

1.3 

— 

— 

Coleomegilla  maculata 

5.0 

7.7 

2 

45.3 

35.1 

63.1 

28.6 

49.1 

65.9 

Cycloneda  munda 

— 

1.1 

5 

2.0 

— 

28.0 

0.6 

— 

1.6 

Harmonia  axyridis 

— 

— 

— 

— 

54.8 

— 

— 

32.5 

— 

Hippodamia  convergens 

59.4 

45.6 

1 

32.4 

— 

5.1 

41.9 

— 

27.6 

Hippodamia  glacialis 

— 

— 

— 

— 

— 

— 

— 

— 

— 

Hippodamia  parenthesis 

3.2 

10.0 

3 

6.2 

— 

0.2 

0.7 

— 

— 

Hippodamia  sinuata 

— 

— 

5 

— 

— 

— 

— 

— 

— 

Hippodamia  sp. 

— 

— 

— 

— 

5.7 

— 

— 

— 

— 

Hippodamia  tredecimpunctata 

24.9 

27.9 

5 

12.1 

— 

1.1 

24.7 

— 

1.6 

Olla  v-nigrum 

— 

— 

5 

— 

— 

— 

— 

— 

— 

Propylea  quatuordecimpunctata 

— 

— 

— 

— 

0.4 

— 

— 

12.6 

— 

Scymnus  spp. 

— 

— 

4 

— 

— 

— 

— 

— 

— 

+ species  recorded  in  <0.1%  frequency. 

‘Abundances  ranked  starting  from  the  most  (1)  to  the  ieast  frequent  (6)  species. 

A USA,  South  Dakota,  spring  wheat,  W = 4883  (Eiiiott  & Kieckhefer  2000);  B USA,  South  Dakota,  smali  grain  cereais, 
A/ = 5835  (Eiiiott  etal.  1996);  C USA,  Midwest,  wheat,  A/  = not  indicated  (Obrycki  etal.  2000);  D USA,  Nebraska,  A/  = not 
indicated  (Wright  & DeVries  2000);  E USA,  New  York,  maize,  N = not  indicated  (Musser  & Shelton  2003);  F USA,  Iowa, 
maize,  sticky  trap,  W = 1221  (Bruck&  Lewis  1998);  G USA,  South  Dakota,  maize,  W = 20753  (Elliott  etal.  1996);  H Canada, 
Quebec,  maize,  N = 8450  (Lucas  etal.  2007);  I USA,  Nebraska,  maize,  N = not  indicated  (Wright  & DeVries  2000). 


Table  4.3  Relative  abundance  (%)  of  coccinellid  species  on  stands  of  medicinal  crops,  forage  leguminosae,  sorghum  and 
soybean.  North  America. 


A 

B 

C* 

D 

E 

F 

G 

H 

1 

J 

Adalia  bipunctata 

— 

— 

5 

0.5 

— 

— 

— 

— 

— 

Anatis  quindecimpunctata 

— 

— 

— 

— 

— 

— 

— 

— 

— 

0.3 

Brachiacantha  ursina 

— 

— 

— 

— 

— 

— 

— 

— 

0.5 

0.3 

Coccinelia  caiifornica 

— 

— 

— 

— 

1.8 

— 

— 

— 

— 

— 

Coccinelia  septempunctata 

20.1 

5.7 

1 

17.2 

27.4 

0.2 

0.2 

5.2 

8.2 

5.5 

Coccinelia  transversoguttata 

— 

1.2 

7 

— 

— 

— 

— 

— 

— 

— 

Coccinelia  trifasciata 

— 

— 

— 

— 

48.2 

— 

— 

— 

— 

— 

Coccinelia  undecimpunctata 

— 

— 

— 

— 

3.6 

— 

— 

— 

— 

— 

Coleomegilla  maculata 

51.1 

8.6 

1 

22.6 

— 

3.5 

1.0 

23.9 

8.3 

2.2 

Cycloneda  munda 

— 

0.6 

3 

1.2 

— 

— 

— 

0.4 

— 

2.5 

Cycloneda  pollta 

— 

— 

— 

— 

1.4 

— 

— 

— 

— 

— 

Harmonia  axyridis 

9.0 

— 

— 

— 

3.7 

— 

— 

— 

21.0 

78.1 

Hippodamia  convergens 

14.9 

48.9 

1 

54.5 

9.4 

50.3 

63.5 

65.4 

— 

9.9 

Hippodamia  glacialis 

— 

— 

6 

— 

— 

— 

— 

— 

— 

— 

Hippodamia  parenthesis 

— 

16.5 

2 

4.0 

— 

— 

0.1 

0.8 

1.0 

1.0 

Hippodamia  sinuata 

— 

— 

5 

— 

7.4 

45.0 

33.9 

— 

— 

— 

Hippodamia  tredecimpunctata 

— 

18.4 

5 

0.6 

— 

— 

— 

4.7 

— 

0.1 

Hippodamia  variegata 

— 

— 

— 

— 

— 

— 

— 

— 

1.0 

— 

Mulsantina  picta 

— 

— 

— 

— 

0.4 

— 

— 

— 

— 

— 

Olla  v-nigrum 

— 

— 

5 

— 

— 

+ 

+ 

— 

— 

— 

Propylea  quatuordecimpunctata 

4.8 

— 

— 

— 

— 

— 

— 

— 

60.0 

— 

Scymnus  loewii 

— 

— 

— 

— 

— 

— 

1.2 

— 

— 

— 

Scymnus  spp. 

— 

— 

4 

— 

— 

0.2 

— 

— 

— 

— 

Unidentified 

— 

— 

— 

— 

— 

0.2 

— 

— 

— 

— 

+ species  recorded  in  <0.1%  frequency. 

‘Abundances  ranked  starting  from  the  most  (1)  to  the  least  frequent  (7)  species. 

A Canada,  Quebec,  medicinal  crops,  N = 305  (Lucas  etal.  2007);  B USA,  South  Dakota,  alfalfa,  N = 7974  (Elliott  etal. 
1996);  C USA,  Midwest,  alfalfa,  N = not  indicated  (Qbrycki  etal.  2000);  D USA,  Nebraska,  alfalfa,  N = not  indicated 
(Wright  & DeVries  2000);  E USA,  Oregon,  clover,  alfalfa  and  peppermint,  N = 780  (LaMana  & Miller  1 996);  F USA,  Texas, 
sorghum,  N = 2872  (Michels  etal.  1996);  G USA,  Texas,  sorghum,  N = 29,354  (Michels  & Matis  2008);  FI  USA,  Nebraska, 
sorghum,  N = not  indicated  (Wright  & DeVries  2000);  I Canada,  Quebec,  soybean,  N = 334  (Lucas  etal.  2007);  J USA, 
Iowa,  soybean,  N = 1739  (Schmidt  etal.  2008). 
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Table  4.4  Relative  abundance  (%)  of  coccinellid  species  on  wild  herbs,  Europe. 


A 

B 

C 

Adalia  bipunctata 

8.3 

0.7 

50.9 

Chilocorus  bipustulatus 

0.5 

— 

— 

Coccidula  rufa 

— 

+ 

— 

Coccinella  septempunctata 

4.9 

12.0 

49.1 

Hippodamia  variegata 

21.6 

48.1 

— 

Oenopia  conglobata 

2.8 

0.3 

— 

Platynaspis  luteorubra 

— 

+ 

— 

Propylea  quatuordecimpunctata 

32.8 

12.2 

— 

Psyllobora  vigintiduopunctata 

6.3 

2.1 

— 

Scymnus  apetzi 

— 

7.1 

— 

Scymnus  auritus 

— 

1.4 

— 

Scymnus  frontalis 

— 

6.3 

— 

Scymnus  interruptus 

— 

0.1 

— 

Scymnus  rubromaculatus 

— 

8.6 

— 

Scymnus  subvillosus 

— 

0.4 

— 

Scymnus  sp. 

17.3 

— 

— 

Stethorus  pusillus 

5.1 

0.6 

— 

+ species  recorded  in  <0.1%  frequency. 

A Italy,  mixed  herbs  adjacent  to  old  hedgerows,  N = 

656  (Burgio  etal. 

2006); 

B Italy,  mixed  herbs  adjacent  to  young  hedgerows,  N = 

2112  (Burgio  etal.  2006); 

C United  Kingdom,  grasses  and  herbs,  N 

= 112  (Leather  etal.  1999). 

Table  4.5  Relative  abundance  (%)  of  coccinellid  species  on  trees,  Europe. 

A 

B 

C 

D 

E 

Adalia  bipunctata 

16.4 

36.4 

1.1 

0.4 

0.4 

Adalia  congiomerata 

— 

— 

— 

— 

16.3 

Adalia  decempunctata 

0.8 

— 

— 

— 

— 

Anatis  oceilata 

— 

— 

— 

— 

7.7 

Aphidecta  obliterata 

— 

— 

— 

— 

50.3 

Calvia  quatuordecimguttata 

— 

— 

14.7 

0.1 

0.6 

Ceratomegilia  notata 

— 

— 

— 

— 

2.8 

Ceratomegilia  undecimnotata 

0.8 

— 

— 

— 

— 

Coccinelia  quinquepunctata 

— 

— 

— 

11.0 

+ 

Coccinelia  septempunctata 

10.8 

42.4 

84.2 

63.0 

17.4 

Coccidula  rufa 

— 

— 

— 

0.3 

— 

Exochomus  quadripustulatus 

— 

— 

— 

— 

+ 

Halyzia  sedecimguttata 

— 

— 

— 

— 

0.6 

Hippodamia  variegata 

— 

— 

— 

— 

0.1 

Myzia  oblongoguttata 

— 

— 

— 

— 

0.6 

Propylea  quatuordecimpunctata 

3.0 

3.0 

— 

17.8 

1.0 

Psyliobora  vigintiduopunctata 

— 

18.2 

— 

— 

0.2 

Scymnus  abietis 

— 

— 

— 

— 

1.6 

Scymnus  apetzi 

51.4 

— 

— 

— 

— 

Scymnus  rubromaculatus 

6.5 

— 

— 

— 

— 

Scymnus  subvillosus 

10.2 

— 

— 

— 

— 

Tytthaspis  sedecimpunctata 

— 

— 

— 

— 

+ 

+ species  recorded  in  <0.1%  frequency. 

A Greece,  citrus,  N = 675  (Kavaiiieratos  etal.  2004);  B United  Kingdom,  decidu- 
ous trees.  A/ = 33  (Leather  etai.  1999);  C Finiand,  appie.  A/ = 95  (Ciayhiiis  & 
Markkuia  1974);  D Finiand,  black  and  red  currant,  A/  = 73  (Ciayhiiis  & Markkula 
1974);  E Slovakia,  spruce,  N = 3636  (Selyemova  etal.  2007). 
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Table  4.6  Relative  abundance  (%)  of  coccinellid  species  in 
apple  orchards,  North  America. 


A 

B 

C 

D 

Adalia  bipunctata 

3.2 

— 

— 

+ 

Anatis  labiculata 

2.2 

— 

— 

— 

Brachiacantha  ursina 

— 

— 

— 

22.0 

Chilocorus  stigma 

— 

— 

— 

+ 

Coccinella  septempunctata 

87.8 

9.5 

26.4 

4.5 

Coleomegilla  maculata 

1.7 

14.0 

2.0 

30.0 

Cycloneda  munda 

3.7 

— 

— 

— 

Harmonia  axyridis 

— 

76.5 

65.5 

12.0 

Hippodamia  parenthesis 

— 

— 

— 

+ 

Hyperaspis  binotata 

— 

— 

— 

+ 

Hyperaspis  unduiata 

— 

— 

— 

+ 

Nephus  fiavifrons 

— 

— 

— 

+ 

Olla  v-nigrum 

1.2 

— 

— 

— 

Propylea 

quatuordecimpunctata 

— 

— 

— 

15.0 

Psyllobora  vigintimaculata 

— 

— 

— 

+ 

Scymnus  sp. 

— 

— 

6.1 

— 

+ species  recorded  in  <0.1%  frequency. 

A USA,  West  Virginia,  1989-93,  N = 306  (Brown  & Miiier 
1998);  B USA,  West  Virginia,  1995-96,  N = 276  (Brown  & 
Miiier  1998);  C USA,  West  Virginia,  W = 148  (Brown 
2004);  D Canada,  Quebec,  N = 691  (Lucas  etai.  2007). 


Table  4.7  Relative  abundance  (%)  of  coccinellid  species  on 
wild  tree  stands.  North  America. 


A 

B 

C 

Adalia  bipunctata 

13.3 

0.3 

— 

Anatis  quindecimpunctata 

— 

0.3 

— 

Calvia  quatuordecimguttata 

0.6 

— 

— 

Chiiocorus  sp. 

0.1 

0.3 

7.1 

Coccineila  caiifornica 

0.2 

— 

— 

Coccineila  septempunctata 

5.0 

— 

— 

Coccineila  trifasciata 

0.8 

1.1 

— 

Coleomegilla  maculata 

— 

0.3 

— 

Cycloneda  polita 

3.9 

— 

— 

Exochomus  quadhpustulatus 

3.7 

— 

— 

Harmonia  axyridis 

69.6 

2.4 

4.8 

Hippodamia  convergens 

0.6 

— 

— 

Hippodamia  sinuata 

1.0 

— 

— 

Mulsantina  picta 

1.2 

— 

— 

Mulsantina  sp. 

— 

— 

14.3 

Myzia  subvittata 

0.1 

— 

— 

Propylea  quatuordecimpunctata 

— 

32.1 

— 

Psyllobora  vigintimaculata 

— 

63.3 

73.8 

A USA,  Oregon,  mixed  trees  and  shrubs,  N = 2984 
(LaMana  & Miiier  1996);  B USA,  Maine,  yeilow  traps, 
deciduous  forest.  A/ =1510  (Finiayson  et  ai.  2008); 
C USA,  Maine,  yeiiow  traps,  coniferous  forests,  W = 126 
(Finiayson  etai.  2008). 


Table  4.8  Studies  of  coccinellid  communities  out  of  Europe  and  North  America. 


Area 

Host  plant 

No.  of  coccinellid  species 
in  the  community 

Reference 

Cameroon 

rice 

13 

Woin  etai. 
(2000) 

China 

Pinus 

armandii 

18 

Yu  (1999) 

Swaziland 

garden- 

savanna 

23  (incl.  3 Epilachninae) 

Magagula  & 
Samways 
(2001) 

would  be  more  or  less  comparable  in  quality.  However, 
when  other  subfamilies  are  included  into  sampling 
plans,  the  accurate  determination  of  the  collected 
material  to  species  is  far  from  common.  Third,  as  stated 
above,  more  quantitative  sampling  of  subtropical  and 
tropical  communities  is  necessary  to  fill  the  gaps 
('white  spots’)  in  the  distribution  map  of  coccinellid 
communities. 


4.5  CONCLUSION 

Here  we  review  knowledge  of  the  distribution  of  coc- 
cinellid species  among  habitats.  This  includes  the 
delimitation  and  characterization  of  what  the  habitat 
is,  a description  of  its  coccinellid  community  and  a 
determination  of  the  factors  that  attract  particular 
species  and  hold  the  community  together.  We  believe 
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that  this  knowledge  in  itself  is  not  only  fundamental 
for  coccinellid  studies  but  also  encourages  the  proposi- 
tion of  hypotheses.  The  review  part  of  this  chapter 
carries  the  risk  that  gaps  which  still  exist  in  our 
knowledge  may  be  hidden,  in  particular  where  the 
delimitation  of  a habitat  has  been  erroneous,  the 
time  required  for  the  development  of  coccinellid 
communities  may  have  been  underestimated,  real 
causes  determining  species  presence  may  have  been 
overlooked,  and,  to  us  the  most  dangerous  possibility, 
illusory  causes  may  have  been  suggested  and  errone- 
ous proofs  of  their  effects  have  been  done.  In  our 
view  the  new  developments  of  discipline  replicated 
results  and  strengthened  hypotheses  provided  in  Honek 
and  Hodek  (1996).  Our  rather  long  experience  of 
coccinellid  habitat  studies,  however,  may  have  made 
our  evaluation  of  facts  and  causes  too  rigid.  Our 
perspective  is  perhaps  too  much  determined  by  the 
geographic  conditions  in  which  we  have  worked.  We 
hope  that  future  researchers,  working  under  different 
conditions,  may  bring  new  ideas  and  make  significant 
progress  in  the  topic  of  this  chapter. 
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5.1  INTRODUCTION 

Studies  of  food  relations  in  coccinellids  were  among 
the  earliest  fields  of  research  on  this  family,  because  of 
the  evident  interest  in  ladybirds  as  natural  enemies  of 
aphid,  coccid  and  mite  pests.  The  history  of  studies 
of  coccinellid  food  relations  can  be  divided  into 
three  periods.  In  the  earliest  period,  studies  focussed 
on  what  the  ladybirds  eat  and  lists  of  the  prey  species 
eaten  were  compiled.  In  the  middle  phase,  hypotheses 
and  models  were  constructed  that  were  based  on 
only  fragmentary  experiments,  usually  executed  in 
extremely  artificial  settings.  This  remained  character- 
istic well  into  the  end  decades  of  the  last  century.  In 
agreement  with  Burk  (1988),  the  need  for  empirical 
hypothesis  testing  in  future  decades  was  stressed  by 
Hodek(1996). 

Fortunately  a new  generation  of  researchers  has 
undertaken  more  comprehensive  causal  studies  in 
several  branches  of  coccinellid  food  research  and 
important  progress  has  been  achieved  within  a rela- 
tively short  period.  Here,  in  the  introduction,  we  briefly 
call  attention  to  some  of  the  studies  that  are  discussed 
in  this  chapter. 

In  5.2,  Sloggett’s  (2008b)  prey  size-density  hypoth- 
esis, based  on  concrete  observations,  opens  a new 
dimension  of  prey  specificity:  size  relation  between  the 
prey  and  predator  instead  of  (or  together  with)  physi- 
ological suitability  and/or  chemical  composition  of  the 
prey.  Body  size  may  be  more  important  than  prey 
chemistry  as  a universal  factor  underlying  dietary 
specialization. 

New  light  has  been  thrown  on  nutritional  comple- 
mentarity by  Evans  and  co-authors  (Kalaskar  & Evans 
2001,  Evans  et  al.  2004,  Evans  & Gunther  2005)  and 
Michaud  & Jyoti  (2008),  and  differences  in  the  larval 
versus  adult  food  specificity  was  stressed  by  Michaud 
(2005).  Some  problems  of  food  ecology  are  being 
solved  by  detailed  field  experiments,  often  using  the 
addition  of  artificial  food  and  sometimes  the  mark- 
recapture  techniques  (Evans  & Toler  2007,  Honek 
et  al.  2008a.  b,  Sloggett  2008a,  b,  Sloggett  et  al.  2008: 
5.2.7). 

Important  recent  advances  have  also  been  made 
concerning  patterns  and  processes  of  food  consump- 
tion (5.3).  Close  study  has  revealed  new  insights,  for 
example,  as  to  how  prey  limitation  early  in  life  affects 
ladybird  performance  later  on  (Dmitriew  & Rowe 
2007),  and  how  the  biochemical  properties  of  prey 
versus  predator  may  influence  a ladybird’s  ability  to 


balance  its  nutritional  needs  (Specty  et  al.  2003, 
Kagata  & Katayama  2006). 

The  importance  of  behavioural  studies  and  their 
relative  shortage  in  relation  to  insect  predators  has 
recently  been  stressed  (Mills  & Kean  2010).  However, 
in  these  studies  (5.4)  decisive,  qualitative  progress  has 
been  made.  Sensory  responses,  which  were  previously 
questioned,  have  not  only  been  repetitively  docu- 
mented by  many  teams  in  several  countries,  but  also 
the  chemical  composition  of  some  attracting  volatiles 
has  been  revealed:  thus  the  volatiles  produced  by 
herbivore-injured  plants  have  been  found  to  attract 
enemies  to  those  herbivores.  The  adaptive  phenome- 
non of  oviposition  deterring  substances,  left  on  the 
substrate  by  crawling  larvae,  has  been  discovered 
(Ruzicka  1997)  and  then  recorded  in  a number  of  coc- 
cinellid species,  and  one  chemical  responsible  has 
already  been  identified  (Klewer  et  al.  2007). 

Under  the  pressure  of  the  typically  discontinuous 
occurrence  of  aphid  prey,  the  evolution  of  coccinellid 
feeding  behaviour  evidently  has  not  led  to  development 
of  gustatory  discrimination  in  generalists,  at  least 
in  aphidophagous  coccinellids.  It  has  been  recorded 
repeatedly  that  the  ladybirds  do  not  avoid  less  suitable 
or  even  toxic  food.  They  even  do  not  prefer  better  food 
when  given  a choice  (e.g.  Nielsen  et  al.  2002,  Nedved 
& Salvucci  2008,  Snyder  & Clevenger  2004:  5. 2. 1.1, 
5.2.5,  5.2. 6.1). 

We  compile  the  findings  in  this  chapter  in  the 
optimistic  expectation  that  they  represent  just  the 
beginning  of  a new  fruitful  period  for  studies  of  coc- 
cinellid food  and  feeding. 

5.2  FOOD  SPECIFICITY 
5.2.1  Food  range 

Although  a tendency  to  feed  on  the  same  or  similar 
prey  can  be  observed  in  taxonomic  groups  of  coc- 
cinellids, one  may  find  prey  specialists  even  within 
individual  tribes.  Thus,  for  example,  in  the  generally 
aphidophagous  tribe  Coccinellini  there  are  also  non- 
predaceous  species,  such  as  the  phytophagous  Bulaea 
lichatschovi  (Capra  1947,  Dyadechko  1954,  Savoiskaya 
1966, 1970a)  and  the  pollinivorous  and  mycophagous 
Tytthaspis  sedecimpunctata  (Dauguet  1949,  Turian 
1969,  Ricci  1982,  Ricci  et  al.  1983;  5.2.6).  Within  this 
tribe  there  are  further  species  which  specialize  on 
immature  stages  of  Coleoptera,  such  as  Aiolocaria  spp. 
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(Iwata  1932, 1965,  Savoiskaya  1970a,  1983,  Kuznet- 
sov 1993),  Calvia  qiiindedmguttata  (Kanervo  1940) 
and  Coccindla  hiewglyphica  (Hippa  et  al.  1984; 
Table  5.1)  which  feed  on  pre-imaginal  stages  of  Chry- 
somelidae,  or  Neocalvia  spp.  which  prey  on  larvae  of 
mycophagous  coccinellids  of  the  tribe  Psylloborini 
(Camargo  1937).  Thus,  not  only  entomophagy  but 
also  phytophagy  and  mycophagy  are  represented 
within  the  tribe  Coccinellini.  Phytophagy  is  typical  for 
the  subfamily  Epilachninae,  mycophagy  in  the  tribe 
Psylloborini  (Sutherland  & Parrella  2009)  and  feeding 
on  mites  in  Stethorini  (Biddinger  et  al.  2009).  The 


classification  of  coccinellids  is  still  partially  artificial 
(Giorgi  et  al.  2009;  Chapter  1)  and  thus  discussing  the 
food  specialization  of  a whole  tribe  cannot  but  have  its 
limitations  (Hodek  1996). 

Predaceous  coccinellids  have  a wide  range  of  ac- 
cepted food.  Apart  from  feeding  on  sternorrhynchan 
Hemiptera  and  phytophagous  mites,  they  often  prey  also 
on  Thysanoptera  and  young  instars  of  holometabolan 
insects  (Evans  2009)  and  even  food  of  plant  origin 
as  well  as  fungi.  Taxonomic  differences  in  the  rate  of 
coccinellid  development  are  related  to  the  predominant 
type  of  food  consumed  (Table  5.2). 


Table  5.1  Larval  mortality  and  pupal  weight  of  Coccinella  hiewglyphica  fed  on 
aphids  or  chrysomelids  (Hippa  et  al.  1984). 


Prey 

Larval 

mortality 

Fresh  weight  of  $ 
pupae  (mg) 

% 

n 

mean 

S.E. 

n 

Myzus  persicae* 

20.9 

43 

9.78 

0.13 

12 

Symydobius  oblongus* 

22.9 

70 

9.89 

0.12 

25 

Galerucella  sagittariae' 

— 

— 

— 

— 

— 

eggs 

67.7 

31 

10.19 

0.72 

5 

larvae 

10.8 

74 

12.47 

0.22 

17 

‘Aphidoidea. 

tChrysomelidae. 

Table  5.2  Rate  of  natural  increase  (r,„)  of  acariphagous,  aphidophagous  and 
coccidophagous  coccinellid  species  (after  Roy  et  ai.  2003). 

Species 

Prey  relationship 

Temp 

(°C) 

fm 

(d-') 

Parastethorus  nogripes 

Acariphagous 

25.0 

0.152 

Stethorus  madecassus 

Acariphagous 

25.0 

0.155 

Stethorus  punctum  picipes 

Acariphagous 

24.0 

0.121 

Stethorus  pusillus 

Acariphagous 

24.0 

0.100 

Coccinella  septempunctata 

Aphidophagous 

26.0 

0.190 

Coleomegilla  maculata  lengi 

Aphidophagous 

25.0 

0.110 

Olla  v-nigrum 

Aphidophagous 

25.7 

0.160 

Propytea  quatuordecimpunctata 

Aphidophagous 

26.0 

0.140 

Diomus  hennesseyi 

Coccidophagous* 

25.0 

0.103 

Exochomus  flaviventris 

Coccidophagous* 

25.0 

0.050 

Hyperaspis  notata 

Coccidophagous* 

25.0 

0.081 

Hyperaspis  raynevali 

Coccidophagous* 

25.0 

0.081 

Hyperaspis  senegalensis  hottentotta 

Coccidophagous* 

26.0 

0.070 

Rodolia  iceryae 

Coccidophagous* 

27.0 

0.064 

‘Coccidophagous  ladybirds  have  characteristically  slower  development;  5-10  % 
per  day. 
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The  great  variety  of  food  consumed  led  to  the  as- 
sumption that  food  specificity  in  coccinellids  concerns 
only  major  taxonomic  groupings:  e.g.  aphidophagous 
ladybirds  only  eat  aphids.  Observed  acceptance 
has  been  mistalcen  for  suitability  of  prey,  even  by 
experienced  workers.  For  example  Balduf  (1935) 
concluded,  on  the  basis  of  a survey  of  accepted  food, 
that  no  special  groups  of  aphids  are  selected  by  lady- 
birds of  the  tribes  Hippodamiini  and  Coccinellini. 
Kanervo  (1940)  treated  the  six  species  of  aphid  prey  as 
a single  complex  because  coccinellids  did  not  show  any 
great  preference  for  individual  species  of  aphids.  Such 
an  assumption  has  long  been  perpetuated  even  though 
contradictory  evidence  has  been  reported.  This  is 
notably  the  case  in  the  incorrect  characterization  of 
prey  of  Adalia  bipunctata.  Although  habitat  preference 
is  important,  overgeneralizations  may  often  be  errone- 
ous. The  conclusion  that  all  aphids  living  on  shrubs  or 
trees  represent  suitable  prey  for  A.  bipunctata,  while 
aphids  from  other  habitats  are  unfavourable  prey  for 
this  ladybird  (Pruszynski  & Lipa  1971),  has  already 
been  refuted  by  earlier  data  on  Aphis  sambuci  (Hodek 
1956,  Blackman  1965)  as  well  as  by  more  recent  data 
discussed  in  this  chapter. 

Early  studies  of  predator-prey  relationships  were 
mostly  limited  to  compiling  lists  of  observed  feeding  in 
the  field  or  concurrent  presence  of  predator  and  prey 
on  the  same  plant  (Hodek  1996  for  references).  The 
reliability  of  such  lists  was  questioned  quite  early  by 
Thompson  (1951):  ‘The  various  species  of  ladybirds  do 
not  actually  feed  . . . the  host  insects  with  which  they 
are  associated  in  the  records'.  Thompson  warned 
further  that:  ‘The  gradual  accumulation  of  such 
records  in  the  literature  finally  gives  a picture  which 
may  be  completely  inaccurate  in  so  far  as  the  real 
behaviour  and  food  habits  of  the  species  are 
concerned.’ 

However,  when  experimental  analysis  of  the  food 
relationships  of  particular  species  of  coccinellids  is 
missing,  the  lists  of  observed  associated  occur- 
rence of  predator  and  prey  can  be  useful.  They  provide 
preliminary  orientation  on  the  relations  of  ladybird 
species  to  natural  prey  and  habitats.  Lists  of  accepted 
prey  have  been  published  for  the  eight  most  common 
aphidophagous  coccinellid  species  from  Far  East  Russia 
(Kuznetsov  1975,  1993)  and  for  36  species  of  aphido- 
phagous Coccinellidae  in  India  (Agarwala  & Ghosh 
1988),  Agarwala  et  al.  (1987)  discriminated  between 
the  ‘accepted’  and  ‘common’  aphid  prey  of  four  coc- 
cinellid species  from  northeastern  India.  The  data  is 


based  on  examinations  of  gut  contents  and  field 
observations. 

Majerus  (1994)  gives  a useful  list  of  principal  and 
secondary  foods  of  British  coccinellids  (although 
without  defining  these  two  categories).  Another  helpful 
food  list  of  Klausnitzer  and  Klausnitzer  (1997)  for 
central  European  Coccinellidae  does  not  differentiate 
the  suitabilities  of  different  prey,  but  just  gives  exam- 
ples of  prey  consumed  by  ladybirds  based  on  the 
authors’  observations.  Species  of  psyllids  and  aleyro- 
dids  observed  to  be  preyed  on  by  coccinellids  have 
recently  been  listed,  while  an  other  compilation  in  the 
same  paper  lists  essential  coccid  prey  (Hodek  & Honek 
2009), 

After  the  invasion  of  the  soybean  pest  Aphis  glycines 
to  the  USA,  Wu  et  al.  (2004)  compiled  a list  of  its 
natural  enemies  (including  seven  coccinellid  species) 
in  China  and  southern  Korea.  Propylea  japonica  (62%) 
and  Har.  axyridis  (10%)  were  earlier  reported  as  domi- 
nant ladybeetles  on  A.  glycines  in  China  (Wang  & Ba 
1998). 

5. 2. 1.1  Methods  for  detection  of  food  range 

The  natural  food  range  of  coccinellids  can  be  ascert- 
ained in  several  ways  (Weber  & Lundgren  2009).  The 
classical  method  is  the  microscopic  detection  and  iden- 
tification of  prey  remnants  from  the  guts  or  excreta 
(e.g.  Agarwala  et  al.  1987,  Triltsch  1999,  Ricci  &Ponti 
2005,  Ricci  et  al,  2005,  Davidson  & Evans  2010) 
which  can  be  compared  with  the  whole  specimens  of 
insects  from  the  same  community. 

In  serological  assays  (also  Chapter  10.7)  the  spe- 
cific proteins  of  the  prey  are  identified  by  their  reaction 
with  the  serum  of  a sensitized  mammal  (usually  a 
rabbit).  In  the  1980s,  the  most  popular  assays  were 
ELISAs  (e,g.  Crook  & Sunderland  1984,  Sunderland  et 
al.  1987,  Hagley  & Allen  1990).  A double  antibody 
method  that  can  be  scored  by  eye  (Stuart  & Greenstone 
1990,  Greenstone  & Trowell  1994)  is  still  used  (Santos 
et  al.  2009). 

The  interpretation  of  molecular  gut-content  data 
depends  on  the  rate  of  decay  in  their  detectability, 
expressed  as  DNA  half-life.  The  predators  with  longer 
period  of  prey-detectability  might  be  wrongly  con- 
sidered as  more  important,  when  compared  with 
predators  that  have  short  detectability.  DNA  half-life 
depends  on  types  of  ingestion  and  digestion.  When  one 
egg  of  Leptinotarsa  decenilineata  was  used  as  prey  DNA 
half-life  was  7.0  hours  in  Col.  maculata  and  50.9  hours 
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in  the  spined  soldier  bug,  Podisus  maculiventris  (Green- 
stone et  al.  2007).  Two  serological  methods  have 
recently  been  used  to  prove  that  eggs  of  a noctuid  are 
prey  of  Hip.  variegata  (Mansfield  et  al.  2008).  The 
polymerase  chain  reaction  technique  (PCR)  effec- 
tively amplifies  DNA  prey  residues  in  the  gut  contents 
of  arthropod  predators  by  use  of  specific  primers. 
Species  can  be  identified  based  on  gene  amplification 
fragments  which  are  observed  as  bands  in  the  stained 
agarose  gel  following  electrophoresis.  The  use  of  data 
obtained  by  PCR-based  methods  requires  careful 
evaluation  of  all  possible  factors  that  may  affect 
interpretation.  Hip.  variegata  had  the  shortest  median 
detection  success  17  hours  at  20°C,  while  it  was  36 
hours  in  a nabid  bug  and  50  hours  in  a spider.  The  rate 
of  detection  decreases  with  increasing  temperature  in 
Hip.  variegata.  but  not  in  the  spider,  although  sex  and 
weight  of  Hip.  variegata  did  not  influence  detection  of 
prey  DNA  (Hosseini  et  al.  2008).  PCR  can  only  be 
used  to  detect  prey  DNA  in  the  gut  if  the  predator 
was  captured  shortly  before  testing.  In  the  case  of  Rho- 
palosiphum  padi  as  prey  and  A.  bipunctata  as  predator, 
temperature  (21  or  14°C)  had  no  significant  effect  on 
R.  padi  detection  (McMillan  et  al.  2007).  For  a novel  use 
of  chromatographic  analysis  see  Sloggett  et  al. 
(2009b:  also  Chapter  10). 

5.2.2  Nutritional  suitability  of  food 

In  spite  of  their  considerable  polyphagy  as  regards 
accepted  food,  many  coccinellid  species  are  special- 
ists as  far  as  nutritionally  suitable  food  is  concerned. 
Predator-prey  relationships  should  be  viewed  in  this 


sense  to  rightly  assess  the  possible  impact  of  a coc- 
cinellid on  any  given  pest. 

Different  criteria  of  food  suitability  have  been  used 
in  food  research  in  coccinellids.  As  stressed  above  and 
in  5.2.1,  acceptance  has  been  an  invalid  criterion  of 
food  suitability.  Preference  for  certain  prey  seemed  to 
provide  useful  evidence:  Strauss'  (1982)  linear  index 
of  prey  selection  was  used  in  the  analysis  of  prey  pref- 
erence in  Stethorus  punctum  (Houck  1986).  However, 
experiments  with  Megoura  viciae  (Blackman  1967a) 
and  Aphis  sambud  (Hodek  1956,  Nedved  & Salvucci 
2008)  have  shown  that  ladybirds  feed  on  toxic  aphids 
even  if  provided  with  a better  alternative. 

The  presence  of  larvae  of  the  predator  in  asso- 
ciation with  a prey  species  is  considered  to  be  good 
evidence  for  evaluating  food  specificity  in  the  field, 
although  it  may  be  misleading  in  a habitat  with  several 
potential  prey  species.  Mills  (1981)  warned  that,  in 
early  and  late  season,  the  adults  can  be  observed  in 
association  with  prey  types  and  habitats  that  are  not 
used  during  reproduction,  and  the  presence  of  larvae 
served  as  criterion  for  his  list  of  essential  prey  for  A. 
bipunctata.  A great  advantage  of  this  list  (Mills  1981) 
is  the  inclusion  of  the  type  of  habitat  and  host  plant. 
Most  listed  prey  would  be  essential  prey.  A.  bipunctata, 
however,  develops  on  the  listed  Aphis  sambud  with 
a significantly  lower  larval  survival  and  weight  of 
emerging  adults,  compared  with  good  essential  prey 
(Blackman  1965,  1967b:  Table  5.3).  Aphis  sambud  is 
thus  a rather  unsuitable  prey  for  A.  bipunctata.  In  terms 
of  the  fecundity  of  A.  bipunctata  females,  Drepanosiphwn 
platanoidis  on  sycamore  and  Chaitophorus  capreae  on 
sallow  were  the  least  suitable  prey  (Mills  1981).  In  rare 
cases  the  predator-prey  relationship  has  been  safely 


Table  5.3  Larval  development  and  oviposition  of  Adalia  bipunctata  on  different  aphids  (Blackman  1965,  1967b). 


Aphid  species 

Larval 

development 

(days) 

Larval 

mortality 

(%) 

Weight  of  adults 
at  emergence 
(mg) 

Fecundity 
(total  eggs  laid) 

Fertility 

(%  of  viable  eggs) 

Myzus  persicae 

10.4 

17.8 

11.8 

676.2 

89.4 

Neomyzus 

circumflexus 

9.5 

16.7 

11.9 

_ 

_ 

Acyrthosiphon  pisum 

10.8 

13.9 

12.6 

— 

— 

Microlophium  carnosum 

10.6 

9.1 

12.4 

— 

— 

Aphis  fabae 

13.0 

27.6 

7.9 

249.6 

55.9 

Aphis  sambud 

13.4 

25.0 

8.0 

— 

— 

Brevicoryne  brassicae* 

21;  23 

(66.7) 

5.1;  6.1 

— 

— 

‘Only  2 out  of  6 larvae  completed  development. 
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Figure  5.1  Types  of  physiological  suitability  of  coccinellid 
foods  (modified  from  Hodek  1996). 


identified  by  another  indirect  method:  that  of  system- 
atic and  long  term  observation.  In  the  course  of  5 
years,  Eastop  and  Pope  (1966,  1969)  found  99%  of 
specimens  of  Scymnus  auritus  on  oaks  infested  with 
Phylloxera  glabra. 

In  most  cases  only  experimental  evidence,  when 
main  life  history  parameters  of  predators  are  measured 
on  a prey  species,  is  an  entirely  safe  way  to  assess 
physiological  suitability.  This  became  apparent  when  it 
was  found  that  a toxic  aphid.  Aphis  sambuci,  was  eaten 
by  C.  septempnnctata,  but  exerted  detrimental  effects 
(Hodek  1956).  It  was  then  suggested  that  physiologi- 
cal parameters,  such  as  growth,  reproduction  and 
mortality,  should  be  used  as  the  decisive  criterion.  It 
was  proposed  to  discriminate  between  two  principal 
kinds  of  food:  essential  (Fig.  5.1:  5.2.11)  that  ensure 
oviposition  and  the  completion  of  larval  development, 
and  alternative  that  serve  only  as  a source  of  energy 
and  thus  prolong  survival  in  comparison  with 
starvation  (Hodek  1962,  1967,  1973,  1993).  This 
approach  has  been  widely  accepted  (e.g.  Mills  1981, 
Evans  et  al.  1999,  Giorgi  et  al.  2009,  Berkvens  et  al. 
2010). 

The  experimental  evaluation  of  the  suitability  of 
prey  does  have  some  disadvantages,  however.  If  the 
prey  is  offered  to  the  predator  in  a small  space,  the 
escape  and  defence  behaviour  of  prey  is  limited  and 
predator’s  searching  behaviour  may  be  modified.  By 
such  experiments  a prey  species  can  be  ascertained  as 
essential,  although  in  the  field  it  does  not  coincide  with 


the  predator  in  space  and  time  (Iperti  1965,  1966, 
Brun  & Iperti  1978).  It  appears  that  alternative  feed- 
ing on  various  foods  is  advantageous  for  predatory 
ladybirds  (5.2.5).  The  listing  of  ’unnatural'  essential 
prey  (in5.2.11)canbe  useful  information  for  culturing 
ladybirds.  However,  it  is  important  not  to  overestimate 
the  records  on  nutritive  quality  of  the  prey  (5.2.6, 
5.2.11).  Complex  predator-prey  relations  have  recently 
been  discussed  in  a comprehensive  and  novel  way 
(Sloggett  2008a;  5.2.3). 

Ideally,  to  characterize  'natural'  essential  prey, 
observational  and  experimental  approaches  should 
be  combined.  The  relationships  of  11  strains  of  five 
coccinellid  species  (C.  septempunctata,  Hip.  tredecim- 
punctata.  Hip.  variegata,  P.  quatuordecimpunctata  and 
Cer.  imdecimnotata)  with  two  species  of  essential  aphid 
prey  [Diuraphis  noxia  and  Schizaphis  graminum)  were 
evaluated  by  Michels  and  Flanders  (1992).  The  com- 
parison of  the  main  life-history  parameters  indicated 
important  differences  in  prey  suitability,  between  both 
coccinellid  species  and  strains  of  the  same  species. 
Thus,  for  example,  in  the  Moldavian  strain  of  P. 
quatuordecimpunctata  the  number  of  eggs  laid  with  D. 
noxia  as  food  was  only  a fraction  of  that  with  S.  grami- 
num. The  Ukrainian  strain  of  the  same  coccinellid 
species,  however,  had  twice  the  fecundity  when  fed  on 
D.  noxia  than  on  S.  graminum.  Michaud  (2000)  com- 
pared the  performance  of  seven  coccinellid  species  fed 
on  Aphis  spiraecola  and  Toxoptera  citricidus  and  Ozder 
and  Saglam  (2003)  evaluated  A.  bipunctata  on  four  and 
C.  septempunctata  on  five  aphid  species  (Table  5.4). 

In  Europe,  the  effect  of  a range  of  aphid  species 
on  life  history  parameters  has  been  compared  in  A. 
bipunctata  (Kalushkov  1998),  Anatis  ocellata  and 
Calvia  quatuordecimguttata  (Kalushkov  & Hodek  2001), 
C.  septempunctata  (Kalushkov  & Hodek  2004)  and 
P quatuordecimpunctata  (Kalushkov  & Hodek  2005).  In 
all  four  papers  the  laboratory  experiments  were  com- 
plemented by  observation  of  predator-prey  relations  in 
the  field.  In  India,  Omkar  and  his  colleagues  made 
comparative  studies  for  four  species:  C.  septempunc- 
tata (Omkar  & Srivastava  2003),  C.  leonina  transversalis 
(Omkar  & James  2004),  Menochilus  sexmaculatus 
(Omkar  & Bind  2004),  and  P.  dissecta  (Pervez  & Omkar 
2004).  They  compared  the  performance  of  ladybirds 
when  reared  on  seven  aphid  species  as  prey.  In  these 
four  experiments  the  sequence  of  suitability  of  all  aphids 
used  appeared  surprisingly  regular  when  measured  by 
survival  of  larvae,  survival  of  adults  and  fecundity 
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Table  5.4  Total  development  time  and  survival  of  two  coccinellid  species  as  affected  by  aphid  prey  (recorded  at  25  ± 1°C, 
16L:8D  in  Tekirdag,  Turkey)  (modified  after  Ozder  & Saglam  2003). 

Aphid  species 


S.  avenae 

R.  padi 

M.  cerasi 

H.  pruni 

M.  dirhodum 

Total  development  (days) 

Adalia  bipunctata 
20.7  ± 1.03 

16.7  ±0.76 

17.9  ±0.80 

19.8  ± 1.14 

Survival  (%) 

(19-22)  c 
67  ab 

(16-18)  a 
78  ab 

(17-20)  b 
82  a 

(18-21)  c 
50  b 

— 

Total  development  (days) 

Coccinella  septempunctata 
18.9  ±1.07  19.0  ±1.15 

17.5  ±0.84 

20.8  ± 1.60 

18.6  ±0.89 

(16-21)  a 

(18-21)  a 

(16-18)  a 

(19-23)  b 

(18-20)  a 

Survival  (%) 

84  a 

70  ab 

60  ab 

37  b 

63  a 

Within  rows,  means  foliowed  by  a common  ietter  do  not  differ  significantiy  (P  < 0.05). 

Vaiues  are  means  ± SE;  the  range  between  minimum  and  maximum  vaiues  is  given  in  parentheses  (n  = 30). 
Sitobion  avenae,  Rhopalosiphum  padi,  Myzus  cerasi,  Hyalopterus  pruni,  Metopolophium  dirhodum. 


(Tables  5.5,  5.6).  In  other  studies  the  effect  of  prey 
on  the  parameters  was  more  variable  (see  next  para- 
graph). When  Omkar  and  co-authors  experimented 
with  Aphis  nerii,  it  was  always  the  least  suitable  prey. 
Aphis  craccivora  and  A.  gossypii  were  optimal  for  three 
ladybird  species,  but  not  for  C.  septempunctata.  Lipaphis 
pseudohrassicae  was  optimal  prey  for  this  species, 
while  this  aphid  was  the  second  worst  prey  for  M. 
sexmaculatus.  For  C,  leonina  tmnsversalis  and  P.  dissecta. 
L.  pseudohrassicae  was  the  third  optimal  prey.  Earlier 
Indian  papers  also  recorded  L.  pseudohrassicae  as  a very 
good  prey  for  C.  septempunctata,  but  it  was  unsuitable 
for  the  reproduction  of  Micraspis  discolor  (Atwal  & 
Sethi  1963,  Agarwala  et  al.  1987), 

More  variable  effects  of  aphids  on  coccinellids’ 
parameters  have  been  recorded  by  other  workers.  A 
high  percentage  of  Hai:  axyridis  larvae  survived  to 
adult  (70%)  when  reared  on  Aphis  spiraecola  (Table 
5.7),  but  the  females  did  not  lay  eggs  on  this  diet 
(Michaud  2000).  Similarly  the  fecundity  of  C.  septem- 
punctata was  optimum  on  Acyrthosiphon  pisum  and 
Sitobion  avenae,  but  the  male  longevity  was  lower  on 
these  two  aphids  than  on  A.  fabae  and  A.  craccivora  - 
although  the  fresh  weight  of  emerged  males,  reared  on 
the  former  two  aphids,  was  among  the  highest  (Kalush- 
kov  & Hodek  2004). 

For  the  sake  of  easier  orientation,  differences  in  the 
nutritive  suitability  of  foods  will  be  discussed  in  par- 
ticular subchapters.  Alternative  food  will  be  discussed 


in  the  sections  on  low  quality  prey  (5.2.6),  non-insect 
food  (5,2,9),  and  non-hemipteran  prey  (5,2,7),  There 
are  overlapping  cases:  the  categories  of  food  should 
never  be  used  dogmatically  and  inflexibly. 

5.2.3  Prey  size-density  hypothesis 

In  almost  the  entirety  of  Section  5.2  the  discussion 
of  food  specificity  is  based  on  the  nutritional  and 
chemical  qualities  of  prey,  i,e,  mostly  on  the  nature  of 
allelochemicals  derived  from  host  plants.  The  research 
has  stressed  these  aspects  for  the  past  several  decades, 
and  the  contents  of  the  chapter  reflect  this. 

However,  prey  specificity  has  recently  begun  to  be 
viewed  from  another  angle:  the  relation  between  the 
body  size  of  aphidophagous  ladybirds  and  aphid  prey 
is  considered  as  more  important  (or  at  least  similarly 
important)  than  chemistry.  The  turning  point  may  be 
represented  by  the  concept  of  Sloggett  (2008b):  ‘body 
size  trade-offs  are  the  likely  most  important  universal 
factor  underlying  dietary  specialization  in  aphidopha- 
gous coccinellids’.  As  our  short  explanation  here  will 
necessarily  remain  a simplification,  the  reader  is 
advised  to  study  directly  the  two  recent  papers  by  Slog- 
gett (2008a,  b),  which  contain  many  stimulating 
thoughts, 

Sloggett’s  (2008a)  prey  size-density  hypothesis 
has  been  formulated  in  response  to  a related  hypothesis 


Table  5.5  Life-history  parameters  of  Coccinella  septempimctata  as  affected  by  aphid  prey  (modified  after  Omkar  and  Srivastava  2003), 
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Aphis  gossypii,  Aphis  craccivora,  Lipaphis  erysimi,  Uroieucon  compositae,  Brevicoryne  brassicae,  Rhopaiosiphum  maidis,  Myzus  persicae. 
n = ^0;  mean  ± SE  in  the  same  row  not  followed  by  the  same  letter  are  significantly  different  at  P < 0.001 . 
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Table  5.7  Survival  rates  for  larvae  of  seven  coccinellid  species  fed  on  Aphis 
spiraecola  and  Toxoptem  citricida  (modified  after  Michaud  2000). 


Larvae  surviving  to  adult  (%) 

A.  spiraecola 

T.  citricida 

P 

Coccinella  septempunctata 

5,0 

0,0 

ns* 

Coelophora  inaequalis 

0,0 

0,0 

— 

Coleomegilla  maculata  fuscilabris 

0,0 

45,0 

0,0D 

Cycloneda  sanguinea 

60,0 

100,0 

0,001* 

Harmonia  axyridis 

70,0 

95,0 

ns* 

Hippodamia  convergens 

68,0 

0,0 

o 

o 

d 

Olla  v-nigrum 

0,0 

0,0 

— 

Larvae  {n  = 20)  were  fed  from  eclosion  on  either  A.  spiraecola  or  T.  citricida. 
‘Significant  differences  based  on  one-way  ANOVA;  ns  indicates  no  significant 
difference. 

^Significant  differences  based  on  Mann-Whitney  U test;  ns  indicate  no  significant 
difference. 


(Dixon  2007,  see  also  Dixon  & Stewart  1991,  Stewart 
et  al.  1991,  Dixon  & Hemptinne  2001),  From  calcula- 
tions of  minimum  mass  of  prey  needed  for  egg  laying 
and  the  surface  searched  within  a time  unit,  both  of 
which  scale  with  body  weight,  Dixon  (2007)  main- 
tained that  ‘there  appears  to  be  no  association  between 
the  size  of  aphidophagous  predators  and  that  of  the 
species  or  the  age  structure  of  the  aphid  colonies  they 
exploit'. 

In  Dixon’s  hypothesis  (Fig,  5,2a)  smaller  ladybirds 
reproduce  at  lower  total  aphid  densities  (thus  earlier  in 
the  season).  The  idea  that  the  body  of  aphidophagous 
ladybirds  and  the  size  of  their  aphid  prey  are  unrelated 
has  become  embedded  in  the  literature,  based  on  the 
absence  of  correlation  between  the  weight  of  seven 
species  of  aphidophagous  ladybirds  of  different  sizes 
and  the  weight  of  their  prey  (Dixon  & Stewart  1991, 
Stewart  et  al,  1991),  Furthermore,  comparisons 
between  the  largest  and  smallest  species  showed  no 
difference  (Stewart  et  al,  1991),  Comparisons  were 
based  on  species-specific  prey  lists  from  the  literature 
where  typical  prey  was  not  differentiated  from  rarely 
eaten  prey.  Furthermore,  nymphs  of  early  instars  are 
much  smaller  than  adult  aphids,  and  large  and  small 
ladybirds  evidently  exploit  them  differently.  Particu- 
larly in  the  case  of  large  aphid  species  the  relative  size 
affects  capture  efficiency.  This  was  described  by  Klin- 
gauf  (1967)  in  coccinellid  larvae  and  observed  by 
Sloggett  (2008b),  when  e,g,  adults  of  large  Cinara 
conifer  aphids  were  easily  caught  by  adults  of  the  large 


Anatis  ocellata,  but  kicked  away  the  small  Myrrha 
octodecimguttata. 

A further  size-related  dilemma  commented  upon 
by  Sloggett  (2008b)  is  that  of  the  relation  between 
body  size  of  aphidophagous  ladybirds  and  aphid 
density  and  size.  While  Dixon’s  (200  7)  model  considers 
only  prey  density  (Fig,  5,2a),  Sloggett  (2008b)  argues 
that  the  relationship  is  more  complex  and  comprises 
both  prey  size  and  prey  density  (Fig,  5,2b,  c), 
Dixon’s  (2007)  model  holds  true  when  the  prey  is  a 
small  aphid  species:  large  and  small  ladybirds  have  the 
same  chance  of  catching  the  prey.  This  is  not  the  case 
with  large  aphid  species,  A small  ladybird  can  only 
catch  young  instars  (Fig,  5,2b,  c).  Thus  it  exploits 
only  a proportion  of  aphids  and  needs  a higher 
prey  density  to  catch  the  same  number  of  aphids 
(Fig,  5,2b),  The  largest  aphids  caught  by  large  lady- 
birds represent  most  energy.  Small  ladybirds  are  many 
times  less  efficient  and  are  likely  to  need  a higher 
prey  density  for  reproduction  (Fig,  5,2c),  Simply  put, 
small  ladybirds  can  exploit  lower  densities  of  small 
aphid  species  because  they  need  less  food.  By  contrast, 
large  ladybirds  can  exploit  lower  densities  of  large 
aphid  species  because  they  are  more  efficient  at 
capture.  Thus  there  is  a relationship  between  predator 
size  and  prey  size,  but  it  is  not  the  rigid  relationship 
as  tested  by  Stewart  et  al,  (1991),  In  such  a situation, 
with  large  aphid  species,  small  ladybirds  will  not 
reproduce  earlier,  but  later  (or  not  at  all)  (Sloggett 
2008b), 
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Figure  5.2  Relationship  between  prey  abundance  and 
ladybird  body  size.  In  each  case  the  horizontal  dashed  lines 
represent  the  prey  threshold  necessary  for  reproduction  by  the 
large  (upper  line)  and  small  (lower  line)  ladybirds.  The  vertical 
dashed  lines  show  the  total  aphid  abundance  and  the  time  at 
which  reproduction  is  possible  for  each  of  the  species,  (a)  The 
established  view  of  Dixon  (2007):  here  there  is  no  relationship 
between  ladybird  body  size  and  capture  efficiency  as  might 
occnr  with  small  aphid  species.  Small  ladybirds  reqnire  a 
lower  density  of  aphids  for  reproduction  on  account  of  their 
lower  energetic  requirements  (see  text  for  details)  and  can 
thus  reproduce  earlier  in  the  development  of  an  aphid 
population,  (b)  Total  aphid  density  required  by  a small 
ladybird  is  increased  if  the  small  ladybird,  on  account  of  its 
size,  is  unable  to  catch  larger  aphid  instars  (in  this  case  fourth 
instars  and  adults);  this  might  occur  with  large  aphid  species. 
Aphid  density  is  broken  down  into  the  proportions  of  the 
different  instars  occurring,  and  does  not  take  into  account  the 
differences  in  size  and  energetic  content  of  the  different  aphid 
instars  but  only  their  numerical  abundance,  (c)  A similar,  but 
more  realistic  graph  than  (b)  taking  into  account  the  different 
energetic  values  of  different  instars.  Because  the  small  aphid 
instars  which  can  be  caught  by  a small  ladybird  are  less 
energy  rich  than  the  average  aphid,  this  acts  to  make  the  total 
abundance  of  aphids  necessary  for  reproduction  higher  still, 
leading  to  a situation  where  a small  ladybird  reproduces  later 
than  a large  one  (from  Sloggett  2008b). 


Sloggett  (2008b)  quotes  several  pieces  of  evidence, 
supporting  his  prey  size-density  hypothesis.  These 
include:  (1)  Banks  (1955)  recorded  on  nettles  (Urtica 
dioica)  infested  by  the  larger  aphid  Microlophium 
carnosum,  earlier  arrival  of  large  numbers  of  C.  septem- 
pimctata  and  only  later  appearance  of  A.  hipunctata  and 
P.  quatuordecimpimctata.  (ii)  Evans  (2004)  reported  that 
C.  septempunctata  can  exploit  the  large  pea  aphids  (A. 
pisum)  on  alfalfa  at  lower  densities  than  can  the  smaller 
native  ladybirds.  The  topic  was  revisited  in  Honek  et  al. 
(2008a,  b),  when  aphids  were  rather  small  and  lady- 
birds thus  followed  Dixon's  (2007)  argument. 

5.2.4  Euryphagous  and  stenophagous 
species  / Generalist  and  specialist  species 

In  most  of  5.2  the  discussion  is  focussed  on  specific 
prey  types.  In  this  section  the  focus  is  on  the 


characteristics  of  the  coccinellid  species,  in  particular 
the  contrast  between  those  that  can  successfully 
develop  and  reproduce  on  only  a narrow  range  of 
foods,  that  is  specialist  or  stenophagous  species,  and 
those  with  a rather  wide  range  of  essential  prey  / foods 
- generalist  or  euryphagous  (polyphagous)  species. 
The  latter  species  may  be  more  easily  manipulated 
when  used  in  biological  control  (Chapter  11)  as  they 
can  be  more  easily  mass-produced  on  artificial  diets 
(5.2.10)  for  periodic  colonization,  or  their  numbers 
augmented  in  the  field  by  providing  alternative 
foods. 

In  relation  to  prey,  the  terms  generalists  versus  spe- 
cialists have  naturally  remained  rather  vague,  because, 
as  Sloggett  (2008b)  rightly  points  out  ‘dietary  breadth 
is  a continuum,  rather  than  a dichotomy’.  Thus  we 
have  hesitated  (Hodek  & Michaud  2008)  over  which 
of  these  terms  to  use  for  A.  hipunctata  to  indicate 
its  difference  from  C.  septempunctata:  we  considered 
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Table  5.8  Dichotomization  of  the  British  aphidophagous 
Coccinellini  into  dietary  generalists  and  specialists.  For 
discussion  on  conifer  specialists  see  Sloggett  and  Majerus 
(2000)  (modified  after  Sloggett  2008b). 

Generalists  Specialists  (habitat) 


Adalia  bipunctata 
Calvia 

quatuordecimguttata 
Coccinella  magnifica 


Coccinella 

quinquepunctata 

Coccinella 

septempunctata 

Coccinella 

undecimpunctata 

Hippodamia  variegata 

Propylea 

quatuordecimpunctata 


Adalia  decempunctata 
(trees  and  shrubs) 
Anatis  ocellata  (conifers) 

Anisosticta 
novemdecimpunctata 
(reed  beds) 

Aphidecta  obliterata 
(conifers) 

Harmonia  quadripunctata 
(conifers) 

Hippodamia 
tredecimpunctata 
(reed  beds,  marsh) 
Myrrha  octodecimguttata 
(conifers) 

Myzia  oblongoguttata 
(conifers) 


C.  septempunctata  to  be  a habitat  generalist,  but  more 
specialized  to  prey  (24  essential  prey  in  Hodek's  1996 
list).  A.  bipunctata  seems  to  us  more  habitat  specialized, 
with  a clear  preference  for  shrubs  and  trees,  but  less 
specialized  towards  prey  (40  essential  prey  in  Hodek’s 
1996  list).  Both  A.  bipunctata  and  C.  septempunctata 
appeared  in  the  same  group  of  generalists  in  a recent 
paper  (Sloggett  2008b),  where  16  British  aphidopha- 
gous Coccinellini  are  divided  into  eight  generalists  and 
eight  specialists  (Table  5.8). 

As  underlined  by  Sloggett  (2008b)  evolution  of  spe- 
cialization in  predators  operates  by  fitness  trade-offs 
between  types  of  prey.  Adaptations  enabling  high 
fitness  on  one  type  cause  a decrease  in  fitness  with 
other  prey  types.  Such  a trade-off  holds  also  for  gener- 
alist versus  specialist  predators.  Specialists  are  very 
successful  on  only  a few  types  of  prey,  but  perform 
poorly  on  many  others,  while  for  generalists  there  is 
less  variation  in  performance  on  a wider  range  of  prey. 
More  specialised  aphidophagous  ladybirds  are  less 
mobile  due  to  their  greater  tolerance  of  lower  aphid 
densities  (Sloggett  et  al.  2008). 

Interest  has  always  been  concentrated  on  trade-offs 
related  to  prey  nutritive  suitability,  as  affected  by 


Figure  5.3  Body  sizes  of  ladybirds  which  are  dietary 
specialists  and  generalists  in  relation  to  aphid  size. 
Specialists  will  closely  match  their  prey  in  size  whereas 
generalists,  which  feed  on  prey  of  a diversity  of  sizes,  will  be 
medium  sized.  As  a result,  specialists  are  expected  to  display 
a wider  diversity  of  sizes  than  generalists  (from  Sloggett 
2008b). 


allelochemicals  derived  from  prey  host  plants.  However, 
no  unequivocal  demonstration  of  such  a chemical 
trade-off  has  been  made  for  aphidophagous  ladybirds 
(Sloggett  2008a)  (see  also  discussion  at  the  end  of 
5.2.5).  Sloggett  (2008b)  therefore  suggests  that  body 
size  may  play  such  a role  (5.2.3).  A specialist  is  likely 
to  have  the  right  size  to  perform  well  on  the  special 
prey:  it  is  big  enough  to  catch  the  old  aphid  instars  (and 
adults),  but  not  so  big  as  to  need  too  high  a prey  density 
for  reproduction,  i.e.  its  size  will  fit  the  prey.  A general- 
ist will,  by  contrast,  tend  to  be  of  medium  size  and 
therefore  prey  on  a wide  range  of  aphid  sizes  (Fig.  5.3, 
Sloggett  2008b). 

Sloggett  (2008b)  tested  his  ‘body  size-dietary 
breadth’  hypothesis  on  1 6 native  British  aphidopha- 
gous Coccinellini  (Table  5.8,  Sloggett  2008a).  He 
compared  sizes  between  eight  specialists  and  eight 
generalists  (Fig.  5.4,  Sloggett  2008a).  The  size  range 
of  specialists  is  greater  and  both  the  largest  (Anatis 
ocellata,  Myzia  oblongoguttata)  and  the  smallest  two 
species  (Anisosticta  novemdecimpunctata,  Aphidecta  oblit- 
erata) are  specialists.  In  conclusion  the  author  argues 
that  'body  size  is  a trade-off  of  likely  considerable 
importance  in  determining  prey  specialization  due  to 
its  relationship  with  both  prey  size  and  density’.  He  is 
right  to  invite  a re-evaluation  of  the  hypotheses 
on  body  size,  such  as  those  claiming  that  there  is  no 
relationship  between  predator  body  size  and  prey  size 
(5.2.3). 
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Figure  5.4  The  distribution  of  body  sizes  in  dietary 
generalists  and  specialists  belonging  to  the  native  British 
aphidophagous  Coccinellini  (from  Sloggett  2008b). 


5. 2. 4.1  Generalists 

Coleomegilla  maculata 

A number  of  papers  have  indicated  that  Col.  maculata 
is  a widely  polyphagous  species.  Early  data  on  its 
polyphagy  were  reported  by  Putman  (1957).  The  rate 
of  larval  development  was  not  decreased  by  feeding  on 
the  mite  Tetranychus  urticae  compared  with  feeding 
on  aphids;  all  larvae  completed  development,  adult 
survival  was  very  high  and  oviposition  was  not  inhib- 
ited. Another  mite,  Panonychus  ulini  also  appeared  to  be 
suitable  food  for  larvae  of  Col.  maculata,  and  the  adults 
fed  much  more  extensively  on  crawlers  of  Pulvinaria 
vitis  than  did  the  other  coccinellids  in  the  study.  Three 
Coccinella  spp.,  Cycloneda  munda  and  A.  bipunctata  were 
less  euryphagous. 

Studies  of  this  type  are  also  used  to  imply  broad 
dietary  breadth  within  individual  groups  of  prey, 
particularly  across  aphid  species.  Some  such  data  have 
been  supplied  for  C.  septempunctata  and  A.  bipunctata 
by  Blackman  (1967a,  b)  and  for  Har.  axyridis  and 
C.  s.  brucki  by  Japanese  authors  (Okamoto  1961, 
1966,  Hukusima  & Sakurai  1964,  Takeda  et  al.  1964, 
Hukusima  & Kamei  1970).  Other  examples  are  also 
discussed  in  5.2.2. 

Coleomegilla  maculata  preys  so  intensively  on  eggs  of 
some  pest  insects  that  it  has  been  studied  in  the  control 
of  the  lepidopterans  Heliothis  virescens  (Abies  et  al. 
1978)  and  Ostrinia  nubilalis  (Risch  et  al.  1982)  as  well 
as  the  Colorado  potato  beetle  Leptinotarsa  decemlineata 


(Hazzard  & Ferro  1991.  Hilbeck  et  al.  1997.  Nault  & 
Kennedy  2000,  Mallampalli  et  al.  2005).  Wiebe  and 
Obrycki  (2004)  reported  Col.  maculata  feeding  on  eggs 
of  another  chrysomelid,  Galerucella  pusilla,  but  the 
larvae  did  not  thrive  well  on  this  prey.  The  functional 
response  of  Col.  maculata  to  eggs  of  L.  decemlineata  was 
modified  by  the  presence  of  aphids,  but  not  maize 
pollen. 

An  important  aspect  of  euryphagy  of  Col.  maculata 
is  its  pollinivory  (5.2.9  for  recent  data)  and  an  appar- 
ent preference  for  powdered  food.  The  preference  for 
lower  strata  of  corn  plants  discussed  in  Chapter  4 is 
apparently  related  to  the  pollinivory  of  this  species 
(Ewert  & Chiang  1966).  Laboratory  tests  have  proved 
that  pollen  of  several  plants  is  essential  food  for  Col. 
maculata.  The  pollens  of  Betula  populifolia  and  Carpinus 
caroliniana  were  found  to  be  superior  to  pollen  of  Zea 
mays,  Cannabis  sativa,  Juglans  cinerea  and  Typha  latifolia, 
but  all  of  these  pollens  enabled  the  completion  of  larval 
development  in  Col.  maculata.  By  contrast,  the  pollen 
of  coniferous  trees,  and  also  of  Quercus  rubra  and 
Ambrosia  artemisiifolia  was  unsuitable  (Smith  1960, 
1961).  When  Atallah  and  Newsom  (1966)  used 
stamens  of  cotton  as  a source  of  pollen.  Col.  maculata 
larvae  failed  to  develop  and  died  within  4 days.  Pollini- 
vory of  coccinellids,  including  Col.  maculata,  has  been 
reviewed  by  Lundgren  (2009). 

Although  Col.  maculata  can  develop  satisfactorily 
on  mites  and  coccids  (Putman  1957),  live  aphids 
(Smith  1965b),  and  on  holometabolan  eggs  and 
larvae,  its  specific  relationship  to  powdered  food  was 
shown  by  preference  for  aphids  in  such  a form.  Only 
30%  of  the  larvae  completed  development  if  fed  with 
live  Acyrthosiphon  pisum.  and  the  resulting  adults 
weighed  only  8 . 5 mg;  the  same  prey  in  a dry  powdered 
state,  however,  gave  a much  higher  survival  (90%)  and 
larger  adults  (12.0mg)  (Smith  1965b).  Dry  aphids 
appeared  marginally  more  suitable  than  pollen  (Smith 
1965b).  In  another  study,  however.  Col.  maculata 
adults  had  a doubled  pre-oviposition  period  and  a 
halved  fecundity  when  fed  on  corn  (Zea  mays)  pollen  in 
comparison  with  live  aphids  A.  pisum  (Hodek  et  al. 
1978). 

A limit  to  the  polyphagy  of  Col.  maculata  was  shown 
when  both  adults  and  larvae  refused  nymphal  leafhop- 
pers  of  several  species,  which  were,  however,  eaten  by 
larvae  of  C.  novenmotata  and  adults  of  C.  trifasciata 
(Yadava  & Shaw  1968).  The  nutritional  suitability  of 
this  prey  was  not  determined. 
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Harmonia  axyridis 

Already  before  the  invasion  of  Har.  axyridis  to  the 
Nearctic  region  several  Japanese  authors  had  reported 
its  polyphagy  in  relation  to  aphids  (Okamoto  1961, 
1966,  Hukusima  & Sakurai  1964,  Takeda  et  al.  1964, 
Hukusima  & Kamei  1970)  and  particularly  to  a substi- 
tutive food,  represented  by  a lyophilized  powder  of 
drone  honey  bee  larvae  (Niijima  et  al.  1986;  5.2.7). 
Very  high  (100%,  the  same  as  in  C.  septernpunctata) 
successful  completion  of  larval  development  was 
recorded  on  Aphis  fabae  on  sugar  beet  in  California 
(Ehler  et  al.  1997).  Also  after  the  arrival  to  Europe, 
Har.  axyridis  appears  to  have  remained  a generalist 
predator.  In  Belgium,  for  example,  three  aphid 
species  have  recently  been  reported  as  its  prey  with 
Microlophiuin  carnosum  on  Urtica  preferred  before 
Acyrthosiphon  pisum  on  Pisum  and  Sitohion  avenae 
on  Triticum  (Alhmedi  et  al.  2008).  Har.  axyridis 
was  also  reported  as  the  most  abundant  predator 
of  the  hemlock  wooly  adelgid  Adelges  tsugae  on  Tsuga 
species  in  southeastern  United  States  (Wallace  & Hain 
2000).  For  feeding  on  psyllids  see  Hodek  and  Honek 
(2009). 

Adalia  bipunctata 

Wide  polyphagy  was  documented  by  Mills  (1979, 
1981,  Hodek  1993).  Mills  reported  28  aphid  species  as 
the  prey  of  adults;  with  seven  of  them  not  accepted 
by  the  larvae  (Table  5.9).  An  experimental  analysis  of 
predation  in  the  field  has  shown  a great  variation  in 
the  suitability  of  prey  aphids.  In  terms  of  the  number 
of  coccinellid  eggs  produced,  Eucallipterus  tiliae  on 
lime  appeared  the  most  beneficial,  with  Euceraphis 
punctipeniiis  on  birch  as  the  second  best,  while  Drepa- 
nosiphum  platanoidis  on  sycamore  and  Chaitophorus 
capreae  on  sallow  were  the  least  beneficial.  Mills  con- 
cluded that  the  suitability  of  an  aphid  species  as  prey 
was  most  influenced  by  capture  efficiency.  This 
amounted  to  58%  for  the  most  suitable  prey,  E.  tiliae, 
but  only  to  2 1%  for  the  least  suitable  D.  platanoidis.  The 
nutritive  value  of  the  aphids  for  A.  bipunctata  was  also 
considered  to  play  a role  in  prey  selection  in  the  field 
(Mills  1979).  Hodek  (1996)  listed  40  species  as  essen- 
tial prey  of  A.  bipunctata  and  this  list  has  not  increased 
much  (5.2.11). 

Rhopalosiphum  padi  was  less  suitable  than  Aphis  pomi 
for  egg  laying  in  overwintered  females  of  A.  bipunctata 


Table  5.9  Aphids  on  which  Adalia  bipunctata  was  observed 
to  feed  by  Miils  (1979). 


Host  plant 

Aphid 

Alnus  glutinosa 

— 

Pterocallis  aini 

Fagus  sylvatica 

— 

Phyllaphis  fagi 

Betula  alba 

— 

Euceraphis  punctipennis 

Prunus  spinosa 

— 

Brachycaudus  helichrysi 

Sarothamnus  scoparius 

A 

Aphis  sp. 

Prunus  cerasus 

— 

Myzus  cerasi 

Rumex  obtusifolius 

A 

Aphis  sp. 

Sambucus  nigra 

— 

Aphis  sambuci 

Viburnum  opulus 

A 

Aphis  sp. 

Crataegus  monogyna 

A 

Dysaphis  sp. 

Corylus  avellana 

— 

Myzocallis  coryli 

Larix  decidua 

— 

Adelgid  sp. 

Tilia  europaea 

— 

Eucallipterus  tiliae 

Acer  platanoides 

A 

Periphyllus  testudinaceus 

Urtica  dioica 

— 

Microlophium  carnosum 

Quercus  robur 

— 

Tuberculatus  annulatus 

Vinca  major 

A 

Aulacorthum  solani 

Phragmites  communis 

A 

Hyalopterus  pruni 

Rosa  canina 

— 

Macrosiphum  rosae 

Salix  caprea 

— 

Chaitophorus  capreae 

Pinus  sylvestris 

— 

Adelgid  sp. 

Castanea  sativa 

— 

Myzocallis  castanicola 

Acer  pseudoplatanus 

— 

Drepanosiphum 

platanoidis 

Cirsium  arvense 

— 

Uroleucon  cirsii 

Quercus  cerris 

— 

Myzocallis  boerneri 

Juglans  regia 

— 

Chromaphis  juglandicola 

Salix  fragilis 

— 

Cavariella  sp. 

Salix  fragilis 

— 

Tuberolachnus  salignus 

A,  Adults  but  not  larvae  of  A.  bipunctata  were  observed 
feeding  on  these  prey  species. 


(Semyanov  1970).  Overwintered  females  had  a much 
greater  fecundity  than  the  first  generation  on  the 
problematic  prey  H.  pruni.  The  host  plants  of  the  prey 
for  the  two  coccinellid  generations  were  not  specified. 
Also  the  successful  rearing  of  A.  bipunctata  on  an  arti- 
ficial diet  (Kariluoto  1980)  or  on  Ephestia  kuehniella 
eggs  (de  Clercq  et  al.  2005)  is  an  indication  of  poly- 
phagy. In  a more  recent  experiment,  A.  bipunctata 
larvae  developed  with  highest  mortality  on  H.  pruni 
(50%);  Sitobion  avenae  was  less  detrimental  (33%), 
while  R.  padi  (22%)  and  Myzus  cerasi  (18%)  might  be 
considered  essential  larval  prey  (Ozder  & Saglam 
2003). 
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Hippodamia  spp. 

The  relative  euryphagy  of  these  species  is  very  fa- 
vourable for  natural  biological  control  on  sorghum. 
On  the  Texas  High  Plains,  Rhopalosiphum  maidis 
provides  an  early  season  food  source  for  native 
coccinellids,  mostly  Hip.  convergens  (57.0%)  and  Hip. 
sinuata  (36.6%),  that  lay  eggs  there.  The  ‘captive’  larval 
population  then  feeds  on  the  later  arriving  Schizaphis 
graminum.  For  the  prevention  of  damaging  levels  of 
S.  graminum,  the  presence  of  R.  maidis  is  therefore  a 
key  factor  (Michels  & Matis  2008). 


Other  generalists 

Oenopia  (=  Synharmonia)  conglobata  (Kanervo 
1940,  1946)  and  Coccinella  hieroglyphica  (Hippa 
etal,  1984,  Sloggett  & Majerus  1994)  show  tendencies 
towards  polyphagy;  both  aphids  and  pre-imaginal 
stages  of  chrysomelids  were  found  to  be  essential 
prey  for  these  species.  Kanervo  (1940,  1946)  claimed 
that  Calvia  quindecimguttata  was  a specialized 
feeder  on  chrysomelids  and  that  aphids  were  accepted 
merely  as  alternative  prey.  Calvia  quatuordecim- 
guttata  can  develop  well  both  on  psyllids  and 
aphids,  while  psyllids  (particularly  Psylla  mali)  appear 
to  be  their  preferred  food,  enabling  faster  larval 
development,  greater  weight  of  pupae  and  higher 
fecundity  (Semyanov  1980).  Feeding  and  reproduction 
on  all  stages  of  psyllids,  mainly  Psylla  jucunda  on 
Acacia,  was  recorded  in  Harmonia  conformis  in 
Australia  over  a period  of  2 years  (Hales  1979). 
Indications  of  polyphagy  in  Propylea  quatuordecim- 
punctata  are  discussed  in  relation  to  non-insect  food 
in  5.2.9. 

Two  species  of  Coelophora  both  endemic  to  New 
Caledonia,  exhibit  specificity  to  different  prey  groups, 
namely  aphids  and  coccids.  Larvae  of  the  aphidopha- 
gous  C.  mulsanti,  which  feed  on  the  more  mobile  prey, 
are  more  active  than  larvae  of  the  coccidophagous 
C.  quadrivittata.  Thus  even  between  congenerics  the 
typical  differences  in  behaviour-related  prey  mobility 
are  maintained.  While  the  coccidophagous  species 
appears  to  be  rather  stenophagous  (only  one  prey  is 
known.  Coccus  viiidis),  the  aphidophagous  C.  mulsanti 
was  euryphagous,  being  reared  on  several  aphids 
(Rhopalosiphum  padi,  Hyperomyzus  lactucae,  Aphis 
gossypii);  it  is  also  reported  to  feed  on  cicadellid  larvae 
in  the  field  (Sallee  & Chazeau  1985). 


5. 2. 4.2  Specialists 

The  thermophilous  coccinellid  Clitostethus  arcuatus 
(tribus  Scymnini)  appears  to  be  a specialized  predator 
of  aleyrodids  (Hodek  & Honek  2009),  ovipositing  e.g. 
on  Aleurodes  proletella  (Bathon  & Pietrzik  1986).  A 
study  of  prey  specificity  of  Rodolia  cardinalis  before 
its  release  to  Galapagos  confirmed  its  stenophagy: 
it  feeds  specifically  on  Margarodidae  and  did  not 
complete  development  on  scale  insects  from  the 
families  Pseudococcidae,  Eriococcidae  and  Coccidae 
(Causton  et  al.  2004). 

The  stenophagy  of  the  genus  Coccinella  was 
already  indicated  by  the  findings  of  Putman  (1957) 
and  Smith  (1965a:  5.2.10).  Of  three  Coccinella 
spp.,  two  (C.  novemnotata  and  C.  trifasciata)  could  not 
complete  their  larval  development  on  dry  powdered 
aphids.  C.  transversoguttata  succeeded  at  least  on  one 
of  the  three  aphids  tested  (on  dry  Acyrthosiphon  pisum) 
(Smith  1961).  Whereas  Hodek  (1996)  listed  24  species 
of  essential  prey  for  C.  septempunctata,  i.e.  much  less 
than  the  40  species  for  A.  bipunctata,  both  species  are 
often  considered  as  generalists  (e.g.  Sloggett  2008a,  b). 
Reduced  values  of  C.  septempunctata  life-history  pa- 
rameters on  low  quality  foods  are  discussed  in  5.2,6. 
The  strange  report  that  the  larvae  of  Coccinella 
undecimpiinctata  can  complete  their  development 
when  fed  solely  on  fresh  manure  (Hawkes  & Marriner 
1927)  has  been  rightly  questioned  by  Benham  & 
Muggleton  (1970)  with  the  plausible  explanation  that 
cannibalism  was  overlooked.  The  attraction  to  manure 
is  evidently  related  to  halophily  of  C.  undecimpunctata 
(Hodek  et  al.  1978  as  Cer.  imdecimnotata  (sic)).  Harpaz 
(1958)  in  Israel  achieved  complete  larval  development 
of  C.  undecimpunctata  on  Aphis  ponii. 

Adelgidae  and  Lachnidae  have  been  reported  as 
favoured  prey  of  Aphidecta  ohliterata  (Majerus  & 
Kearns  1989,  Klausnitzer  & Klausnitzer  1997), 

Non-abundant  nutrient  concept 

A novel  view  of  the  relation  between  prey  and  a 
ladybird  was  suggested  by  Cohen  and  Brummett 
(199  7).  They  criticized  the  'rule  of  sameness’  (House 
1974)  which  maintains  that  nutritional  requirements 
of  insects  are  in  principle  (i.e.  excluding  consideration 
of  allelochemical  content)  ‘similar  regardless  of 
systematic  position  or  feeding  habit  of  the  species’. 
Despite  caveats  expressed  by  House  (1974),  his  rule 
has  been  interpreted  broadly  to  imply  that  nutritional 
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differences  are  negligible  between  various  prey  species. 
Cohen  and  Brummett  (1997)  point  out  that  this  liberal 
interpretation  has  resulted  in  a neglect  of  important 
differences  in  the  nutritional  composition  of  various 
prey.  Inspired  by  Liebig’s  'law  of  the  minimum’, 
Cohen  and  Brummett  measured  the  body  content  of 
methionine  (the  least  abundant  amino  acid)  in  three 
predators  and  three  prey.  Thus  E.  kuehniella  eggs 
contain  11.2ng/mg,  while  Bemisia  larvae  only  have 
0.2ng/mg  of  methionine.  The  adult  ladybird  Seran- 
giwn  parcesetosum  contains  only  6.1ng/mg,  while 
Chrysopa  or  Geocoris  have  lO.Ong/mg  of  methionine. 
S.  parcesetosum,  with  its  lower  carcass  methionine 
content  but  also  smaller  size,  shorter  handling  time 
and  shorter  life  span,  is  more  suited  to  be  a successful, 
long-term  predator  of  Bemisia  than  are  either  Chrysopa 
or  Geocoris. 

This  principle  does  not  only  apply  to  methionine. 
Other  substances,  such  as  other  essential  amino  acids 
as  well  as  sterols,  polyunsaturated  fatty  acids  or  vita- 
mins, may  be  limiting.  Cohen  and  Brummett  (1997) 
stress  that  ‘explanation  of  fitness  of  predators  to  their 
prey  is  more  likely  to  be  found  in  considering  nutrients 
that  are  non-abundant  rather  than  energy’. 


5.2.5  Mixed  and  combined  diet 

The  role  of  mixing  of  different  dietary  resources  has 
been  studied  quite  frequently  in  phytophagous  insects 
and  has  been  found  to  be  positive  in  most  cases  (for 
references  see  Unsicker  et  al.  2008).  The  favourable 
effect  of  mixed  diets,  more  often  documented  in  non- 
coccinellid  predators  (recently  e.g.  by  Harwood  et  al. 
2009)  has  been  explained  by  several  theories:  either  by 
the  necessity  to  get  a more  complete  and  balanced 
range  of  the  nutrients  needed  (Pulliam  1975,  Rauben- 
heimer  & Simpson  1999),  or  to  dilute  allelochemicals 
present  in  individual  host  plants  and  therefore  to 
decrease  their  toxic  effect  (Freeland  & Janzen  1974, 
Behmer  et  al.  2002). 

In  predaceous  ladybirds  this  approach  has  long 
been  neglected.  Feeding  on  several  kinds  of  food  has 
been  interpreted  as  a rather  emergency  feature,  com- 
pelled by  shortage  of  the  ‘right’  food.  Frequently  this 
is  true  and  we  may  then  rightly  speak  about  alterna- 
tive, or  substitution  food.  In  particular  cases,  in 
species  such  as  Tytthaspis  sedecimpunctata  (Ricci  1982; 
1986a:  Ricci  et  al.  1983),  Rhyzobius  litura  (Ricci 
1986b),  llleis  galinda  (Anderson  1982)  and  perhaps 


also  Propylea  spp.  (Turian  1971,  Hukusima  & Itoh 
1976)  and  other  polyphagous  species,  when  even  taxo- 
nomically  distant  organisms  serve  as  food  (5.2.7, 
5.2.9),  mixed  feeding  appears  favourable,  and  is  a 
usual  phenomenon. 

The  coccinellids  may  select  a favourable  balance  of 
important  nutrients  from  pollen  and  conidia  of  mildew, 
or  pollen  and  aphids  etc.,  as  is  assumed  by  the  model 
of  self-selection  of  optimal  diets  (Waldbauer  & Fried- 
man 1991).  Some  workers  have  already  attempted  to 
check  by  experiments  the  suitability  of  food  combina- 
tions for  coccinellids.  The  simultaneous  presence  of 
two  prey  has  been  found  to  increase  the  predation  rate 
of  Hai:  axyridis  (Lucas  et  al.  2004;  Fig.  5.5).  A positive 
effect  of  coccinellid  feeding  on  curculionid  larvae  in 


Figure  5 . 5 Overall  predator  voracity  (mean  ± SE)  of 
Coccinella  septempunctata  and  Hannonia  axyridis  in  24  hours, 
when  offered  100  Aphis  pomi  (white  bars),  30  larvae  of 
Choristoneura  rosaceana  (black  bars)  or  both  prey  species 
(grey  bars),  (a)  Total  number  of  prey  predated,  (b)  Total 
biomass  consumed.  Different  letters  indicate  a significant 
(P  < 0.05)  difference  among  the  different  treatments  for  the 
same  coccinellid  species  (modified  from  Lucas  et  al.  2004). 
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Day 

Figure  5 .6  Total  egg  production  (mean  ± SEM)  by 
Hippodamia  convergens  females  (n  =113)  over  135  days  as  a 
function  of  food  provisioning  showing  the  peak  in 
oviposition  every  fourth  day  following  provision  with  animal 
protein.  Females  paired  with  males  were  held  on  a 6-day 
feeding  cycle  (eggs  of  Ephestia  kuehniella  once  every  6 days 
followed  by  pollen  3 days  later)  with  continuous  access  to 
sunflower  petioles).  Means  bearing  the  same  letter  were  not 
significantly  different  (Tukey  test,  a > 0.05)  (modified  from 
Michaud  & Qureshi  2006). 


fields  of  alfalfa,  when  essential  aphid  prey  is  available 
only  at  low  levels,  was  studied  by  Evans  and  collabora- 
tors (5.2.7).  The  importance  of  animal  protein  from 
E.  kuehniella  for  egg  laying  was  documented  in  Hip. 
convergens  (Michaud  & Qureshi  2006;  Fig.  5.6).  Related 
findings  by  Snyder  et  al.  (2000)  are  discussed  in 
5.2.S.2. 

In  some  experiments,  however,  no  benefit  from 
mixing  was  observed.  Four  species  of  ladybirds,  reared 
on  the  mixture  of  Myzus  persicae  and  eggs  of  Leptino- 
tarsa  decemlineata,  had  lower  survival  and  development 
rate  than  the  controls  reared  on  aphids  alone  (Snyder 
& Clevenger  2004).  They  did  not  avoid  eating  the 
chrysomelid  eggs,  although  there  was  a surplus  of 
aphids.  Similarly  C.  septempimctata  did  not  benefit  from 
a mixed  diet  of  three  aphid  species,  Sitobion  avenae, 
Metopolophium  dirhodum  and  Rhopalosiphum  padi.  The 
value  of  this  mixture  was  intermediate  between  the 
higher  quality  single  species  diets  of  one  of  the  first  two 
species  and  the  lower  quality  R.  padi.  The  cause  of 
quality  differences,  either  nutrient  content  (Cohen  & 
Brummett  1997)  or  presence  of  allelochemicals 
(Hauge  et  al.  1998),  remained  unknown.  It  is  most 
interesting  that  in  the  studies  cited  above  the  authors 
found  that  the  same  ranking  of  the  three  aphid  prey 


for  quality  also  applied  for  spiders  and  carabids.  Nielsen 
et  al.  (2002)  used  a mix  of  very  good  essential  prey 
(the  aphid  Metopolophium  dirhodum)  and  two  slightly 
lower  quality  essential  prey  {Myzus  persicae  and 
Sitobion  avenae)  for  C.  septempimctata.  Again  no  benefit 
of  mixing  was  recorded  although  the  mixed  diet 
contained  entirely  essential  aphid  prey,  whether  the 
aphids  had  been  raised  on  the  same  or  different  host 
plants.  Inclusion  in  the  mix  of  a toxic  aphid  (A.  sambuci) 
considerably  decreased  the  larval  fitness  of  C.  septem- 
punctata.  This  result  again  demonstrates  the  inability 
of  coccinellids  to  avoid  toxic  prey.  A similar  finding  for 
the  same  predator  and  prey  (Nedved  & Salvucci  2008) 
is  discussed  in  5. 2. 6.1. 

Males  of  Har.  axyridis  showed  a consistent  feeding 
preference  for  Myzus  persicae  versus  A.  fabae,  while  the 
females  did  not  show  any  preference.  Mixing  the  aphids 
in  varying  ratios  of  M.  persicae  to  A.  fabae  did  not  affect 
oviposition  rate  (Soares  et  al.  2004).  Similarly  Phoo- 
folo  et  al.  (2007)  did  not  find  any  difference  between  a 
one-species  diet  and  a mixed  diet  of  Schizaphis  gra- 
minum  and  Rhopalosiphum  padi  for  larvae  of  Hip. 
convergens. 

One-species  prey,  but  a mixture  of  different 
developmental  stages,  may  appear  more  suitable  for 
the  predator  than  a homogeneous  prey  consisting  of 
only  one  stage.  Transfer  of  females  of  Chil.  nigritus  after 
10  days  feeding  on  a heterogeneous  mixture  of  all 
stages  of  the  diaspid  Abgrallaspis  cyanophyli  to  homo- 
geneous prey  resulted  in  an  important  decrease  in 
oviposition  during  the  next  days  (Ponsonby  & Copland 
2007b;  Table  5.10).  It  has  also  been  suggested  for 
other  insects  that  treating  a prey  population  as  a 
homogenous  entity  can  lead  to  erroneous  conclusions 
(Rudolf  2008). 

5. 2. 5.1  Complementation  across  stages 

By  changing  the  diet  between  larvae  and  adults  of  the 
highly  polyphagous  Col.  maculata,  Michaud  and  Jyoti 
(2008)  revealed  what  they  called  'dietary  complemen- 
tation across  life  stages'.  Coccinellid  larvae  appear  to 
process  some  types  of  food  more  efficiently  than  adults. 
Eggs  of  the  pyralid  Ephestia  kuehniella  were  the  best 
diet  for  the  larvae  and  resulted  in  the  largest  adults, 
with  highest  fecundity  (182  eggs)  and  shortest  pre- 
oviposition  period  when  the  adults  were  then  fed  on 
aphids  (Schizaphis  graminum).  This  combination  thus 
led  to  higher  fecundity  than  continuous  feeding 
on  aphids  (139  eggs)  or  continuous  feeding  on 
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Table  5.10  Decrease  in  total  egg  laying  after  a change  in 
prey  population  structure  in  Chilocorus  nigritus  fed  on 
Ahgrallaspis  cyanophyli  at  26°C  (n  = 5)  (modified  after 
Ponsonby  & Copland  2007b). 


Prey  stage 

No.  of  eggs  laid  (±SD) 

Treatment  1 control 

10  days  on  all  stages 

165.0  (57.6) 

10  days  on  all  stages 

174.2  (26.4) 

Treatment  2 

10  days  on  all  stages 

141.2  (33.4) 

1 0 days  on  first-lnstar 

91 .0  (37.6) 

nymphs 

Treatment  3 

10  days  on  all  stages 

138.6  (48.1) 

1 0 days  on  second-instar 

69.6  (41 .3) 

nymphs 

Treatment  4 

10  days  on  all  stages 

135.8  (37.8) 

10  days  on  adult  females 

71.4  (57.1) 

lepidopteran  eggs  (146  eggs)  (Table  5. 11).  The  authors 
conclude  that  both  foods  are  essential,  but  nutritional 
demands  for  larval  growth  and  development  versus 
adult  dispersal  and  reproduction  may  differ.  E.  kuehn- 
iella  eggs  were  also  combined  with  Acyrthosiphon  pisum 
in  similar  experiments  on  P.  japonica  (Hamasaki  & 
Matsui  2006:  Table  5.12). 

5. 2. 5. 2 Prey  switching 

Can  switching  of  prey  have  a significant  effect  on  the 
predator.?  Chilocorus  nigritus  larvae  can  switch  from 
feeding  on  Coccus  hesperidum  (Coccidae)  to  Ahgrallaspis 
cyanophyli  (Diaspididae)  and  vice  versa  with  only 
minor  detrimental  effects.  Subsequent  generations 
proved  that  both  these  prey  were  essential  (Ponsonby 
& Copland  2007a). 

5. 2. 5. 3 Prey  specialization  through  selection 

The  performance  gradually  increased  over  six  A. 
bipunctata  generations  when  they  were  reared  and 
selected  on  Aphis  {abac,  a rather  poor  prey  (5.2. 6. 3); 
e.g.  the  mortality  decreased  from  58  to  0%.  The 
achieved  specialization  to  A.  fabae  resulted  in  poorer 
performance  on  the  previously  (and  generally)  highly 
suitable  prey,  Acyrthosiphon  pisum.  The  authors  assume 
that  this  ability  to  adapt  enables  A.  bipunctata  to  'switch’ 


Table  5.11  Mean  values  for  the  reproductive  performance 
of  female  Coleomegilla  maculata  revealing  interactions 
between  larval  and  adult  diets.  Larvae  were  fed  one  of  three 
diets  and  the  adults  obtained  in  each  treatment  further 
subdivided  into  two  groups,  each  got  one  of  two  adult  diets 
(after  Michaud  &.  Jyoti  2(X)8). 


Larval  diet 

Adult  diet 

Greenbug* 

Flour  moth  eggs^ 

Pre-reproductive  period  (days) 

Greenbug 

14.9 

14.9 

Flour  moth 

eggs 

10.9 

16.4 

Pollen 

15.8 

14.3 

Reproductive  period  (days) 

Greenbug 

30.1 

20.1 

Flour  moth 

eggs 

22.2 

23.1 

Pollen 

28.5 

23.7 

Fecundity  (number  of  eggs/female) 

Greenbug 

138.7 

161.3 

Flour  moth 

eggs 

182.4 

146.3 

Pollen 

125.8 

106.5 

Fertility  (percentage  of  egg  hatch) 

Greenbug 

42.4 

65.8 

Flour  moth 

eggs 

48.8 

68.1 

Pollen 

49.1 

46.7 

Fertility  (number  of  larvae/female) 

Greenbug 

58.0 

108.1 

Flour  moth 

eggs 

129.4 

101.1 

Pollen 

66.8 

50.3 

*Schizaphis  graminum. 
^Ephestia  kuehniella. 


from  the  more  suitable  tree-dwelling  aphids,  such  as 
e.g.  lime  aphid  Eucallipterus  tiliae,  to  field  aphids  occur- 
ring later  in  the  season  (Rana  et  al.  2002).  While  the 
results  of  such  apparent  selection  are  very  important, 
the  general  validity  of  this  interpretation  is  conten- 
tious (Sloggett  2008b).  Furthermore,  tree  aphids  are 
poor  prey,  while  some  field  aphids  (such  as  A.  pisum) 
are  excellent  prey.  Also  some  aphids  return  from  fields 
to  primary  hosts  (trees,  shrubs)  in  late  season. 

5.2.6  Lower  quality  prey  (mostly  aphids) 

5.2.6. 1 Toxic  prey 

The  reasons  why  particular  prey  species  are  harmful  to 
particular  coccinellids  have  not  yet  been  fully  explained. 


158  I.  Hodek  and  E.  W.  Evans 


Table  5.12  Reproductive  traits  of  Pwpijka  japonica  reared  on  Acyrthosiphon  pisum  or  Ephestia  kuehniella  eggs  (modified  after 
Hamasald  and  Matsui  2006). 


Larval  diet 

A.  pisum 

E. 

kuehniella 

eggs 

A.  pisum 

E.  kuehniella 
eggs 

A.  pisum 

E.  kuehniella 
eggs 

Adult  diet 

Pre-oviposition  period  (d) 

Eggs  iaid  per  20  d* 

Egg  hatchabiiity  (%)^ 

A.  pisum 
E.  kuehniella 
eggs 

3.9  ± 1.4  (15) 
6.8  ±3.6  (13) 

3.7  ±1.5  (19) 
5.3  ±1.4  (15) 

184.4  ± 106.8  (15) 
58.0  ±33.8  (13) 

210.9  ±95.9  (19) 
76.5  ± 52.1  (15) 

60.8  ±9.2  (15) 
77.5  ± 15.5  (13) 

63.7  ±20.0  (19) 
66.5  ±21.0  (15) 

Mean  ± SD.  Values  in  parentheses  indicate  the  number  of  samples. 
‘Total  number  of  eggs  laid  per  female  for  20  d after  emergence, 
t Percentage  of  hatched  larvae. 


That  death  is  caused  by  starvation,  resulting  from  a 
low  feeding  rate  on  unsuitable  food,  may  be  discounted 
because  in  experiments  comparably  reduced  feeding 
on  other,  essential  food  did  not  cause  a substantial  rise 
in  mortality  (e.g.  Hodek  1957a).  There  remain  two 
other  possibilities.  Either  the  unsuitable  aphids  contain 
some  special  substances  (allelochemicals  derived 
from  the  plants)  poisonous  to  coccinellids,  or  such 
aphids  are  deficient  in  nutritive  value.  Most  studies 
have  focussed  on  the  former  possibility. 

Aphis  sambuci 

Johnssen  (1930)  observed  a marked  increase  in  feeding 
by  C.  septempunctata,  when  he  switched  it  from  Aphis 
sambuci  to  A.  hederae.  In  two  experiments,  Hodek 
(1956)  also  found  a rather  low  intake  of  A.  sambuci  by 
C.  septempunctata  and  showed  that  this  aphid  is  inade- 
quate food  for  both  larvae  and  adults  of  C.  septempunc- 
tata; the  larvae  could  not  complete  their  development 
and  died  within  25-26  days.  In  the  first  experiment 
(started  24  June)  two-thirds  of  the  larvae  died  in  the 
fourth  instar  after  a higher  feeding  rate,  while  in  the 
second  experiment  (started  22  July)  all  but  one  died  in 
the  third  instar  after  a much  lower  feeding  rate 
(Fig,  5,7).  This  difference  may  have  been  caused  by 
differing  chemical  compositions  in  different  phenologi- 
cal  phases  of  the  host  plant  and  consequently  also  in 
the  aphids. 

All  freshly  emerged  C.  septempunctata  adults  died 
on  average  after  17.5  days  when  fed  only  on  A.  sambuci. 
The  control  adults,  fed  on  Aphis  fabae  (=  A.cirsiiacan- 
thoidis)  or  on  Uroleucon  aeneus  had  at  most  a mortality 
of  16.6%,  Compared  to  the  control,  the  survival  of 


Figure  5.7  Effect  of  Aphis  sambuci  in  comparison  with 
Aphis  fabae  on  the  larval  development  of  Coccinella 
septempunctata.  (a)  Daily  feeding  rate  of  larvae,  (b)  Mortality 
of  larvae  (from  Hodek  1956). 


overwintered  adults  on  A.  sambuci  was  not  de- 
creased, but  egg  laying  was  inhibited  (Hodek  1957b) 
and  ovaries  did  not  mature.  Not  until  suitable  food  had 
been  provided  for  9 days,  did  the  adults  begin  to  ovi- 
posit. As  the  aphid  host  plant  Samhucus  nigra  often 
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Table  5.13  Larvae  of  Coccinella  septempunctata  fed  on  reduced  daily  rates  of  Aphis  fabae  (Hodek  1957a). 


Daily  feeding  rate  in  4th 
instar  (number  of  aphids) 

Duration  of  development  (days) 
Larval  instars 

1+2+3  4 

Prepupa 

Pupa 

Totai 

Mortality  (%) 

n 

surplus 

(aver,  consumed  70) 

5.2  2.6 

1.0 

4.0 

12.8 

8 

13 

30 

4.8  3.7 

0.8 

4.2 

13.5 

0 

18 

10 

4.9  5.9 

0.9 

4.2 

15.9 

10 

20 

Table  5.14  Survival  to  adulthood,  larval  times,  total  developmental  times  and  adult  weights  of  Coccinella  septempunctata 
larvae  on  different  aphid  diets  (modified  after  Nielsen  et  al.  2002). 


Total 

No.  Larval  time  developmental  Adult  weight 

Aphid  diets  n survived*  (days)^  time  (days)^  (mg)* 


Experiment  1 


Metopolophium  dirhodum 

30 

26  a 

11.27  ± 

0.20 

a 

15.27  ± 

0.22 

a 

25.54 

± 0.84  a 

Myzus  persicae 

30 

20  ab 

12.95  ± 

0.17 

b 

16.70  ± 

0.15 

b 

18.88 

± 0.67  b 

Aphis  sambuci 

30 

0 c 

— 

— 

— 

M.  dirhodum  and  M.  persicae 

30 

18  b 

11.22  ± 

0.21 

a 

15.06  ± 

0.12 

a 

25.44 

± 0.81  a 

M.  dirhodum  and  A.  sambuci 

30 

2 c 

13.50  ± 

0.50 

ab 

17.00  ± 

0.00 

b 

14.58 

± 1.78  b 

M.  persicae  and  A.  sambuci 

30 

0 c 

— 

— 

— 

M.  dirhodum,  M.  persicae  and  A.  sambuci 

30 

5 c 

17.80  ± 

0.38 

b 

21.60  ± 

0.51 

c 

16.14 

±1.21  b 

Experiment  2 

M.  dirhodum 

50 

27  a 

11.26± 

0.17 

a 

15.33  ± 

0.19 

a 

27.57 

± 0.95  a 

Sitobion  avenae 

50 

35  a 

12.09  ± 

0.26 

b 

16.11  ± 

0.27 

b 

28.09 

± 0.73  a 

M.  dirhodum  and  S.  avenae 

50 

34  a 

11.41  ± 

0.20 

c 

15.18  ± 

0.17 

a 

28.63 

± 0.90  a 

Mean  ± SE;  within  columns  and  experiments  the  same  letters  indicate  no  significant  difference  between  treatments. 
*X^  test;  numbers  in  this  column  are  sample  sizes  for  next  three  columns. 

^Multiple  comparisons  after  Kruskal-Wallis  tests. 

♦Fisher  LSD  test. 


grows  at  or  near  C.  septempunctata  hibernation  sites, 
the  adults  may  be  found  in  colonies  of  A.  sambuci  in  the 
spring,  but  they  do  not  lay  eggs  there. 

The  possibility  that  the  insufficient  feeding  rate  on  A. 
sambuci  (Fig,  5.7)  might  cause  the  mortality  of  C.  sep- 
tempunctata larvae  by  starvation  was  excluded  by 
rearing  the  most  voracious  fourth  instar  (Hodek 
1957a)  on  substantially  reduced  food  rations  of  the 
suitable  food  - A.  fabae  (Table  5.13).  The  reduction  of 
feeding  rate  to  one-seventh  prolonged  the  fourth  instar, 
but  there  was  no  increase  in  mortality.  Development 
was  completed  with  only  about  one-third  of  the  total 
larval  food  intake,  with  a surplus  of  aphids.  If  only 
some  larval  instars  were  fed  with  A.  sambuci  (Hodek 


1957a),  most  (68-76%)  larvae  pupated  and  larval 
development  was  prolonged.  In  a later  study  in  England 
A.  sambuci,  although  a very  poor  food,  enabled  half  the 
specimens  of  C.  septempunctata  to  develop  to  extremely 
small  adults  (Blackman  1965,  1967b),  A negative 
effect  of  A.  sambuci  on  C.  septempunctata  was  also  docu- 
mented by  Nielsen  et  al.  (2002;  Table  5.14),  and  on  C. 
magniflca  by  Sloggett  et  al.  (2002). 

The  larvae  of  A.  bipunctata  completed  development 
on  A.  sambuci,  although  at  a slower  rate  than  on  A. 
fabae  (Hodek  1957a).  This  was  confirmed  by  Blackman 
(1965,  1967b).  In  central  Europe  this  species  breeds 
mostly  on  shrubs  and  trees,  i.e.  in  the  same  habitat  as 
A.  sambuci.  The  larvae  of  Scymnus  subvillosus  seem 
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Aphid  species 

Figure  5.8  Consumption  rates  (mean  ± SE)  per  4 hours  by 
Cocdnella  septempunctata  larvae  (L,  solid  diamonds),  males 
(M,  open  squares),  and  females  (F,  open  circles)  on  three 
aphid  species.  Api.  Acyrthosiphon  pisunr,  Aph,  Aphis 
cirsiiacanthoidis:  Asa.  Aphis  samhuci  (from  Nedved  & Salvucci 
2008). 

to  be  adapted  to  feeding  on  A.  samhuci;  Klausnitzer 
(1992)  was  able  to  rear  late  instar  larvae  to  adults  on 
this  diet. 

For  Aphis  samhuci  we  may  assume  passage  of  the 
glycoside  sambunigrin,  contained  in  the  host  plant 
Samhucus  nigra,  from  the  plant  into  the  aphid.  This  gly- 
coside may  be  split  enzymatically  into  hydrocyanic  acid 
in  the  body  of  the  coccinellid,  for  enzymes  which  split 
glycosides  have  been  identified  in  the  body  of  Cocdnella 
spp.  (Kuznetsov  1948). 

Contrary  to  expectation.  Aphis  samhuci  was  preferred 
in  a preliminary,  4-hour  choice  experiment  to  Aphis 
cirsiiacanthoidis  and  Acyrthosiphon  pisum  (Nedved  & 
Salvucci  2008:  Fig.  5.8).  Starved  fourth  instar  or  adult 
C.  septempunctata  consumed  twice  as  many  A.  samhuci 
as  of  the  two  other  aphid  species.  These  preference  tests 
again  show  how  misleading  observations  of  prey 
acceptance  can  be  for  evaluating  prey  suitability. 
Nedved  & Salvucci  (2008)  recorded  C.  septempuctata 
fourth  instars  dying  when  fed  on  A.  samhuci,  thus  con- 
firming the  earlier  findings  of  Hodek  (1956),  Black- 
man (1965)  and  Nielsen  et  al.  (2002). 

Aulacorthum  magnoliae 

Similar  or  identical  allelochemical  substances  are  also 
the  likely  lethal  agent  in  A.  magnoliae.  This  aphid,  also 


Figure  5.9  Mortality  of  Hannonia  axyridls  larvae  7 days 
after  rearing  began,  when  they  were  fed  with  Aulacorthum 
magnoliae  reared  on  potato  (n  = 243)  or  elder  (n  = 243) 
(from  Fukunaga  & Akimoto  2007). 


from  an  elder  (Samhucus  racemosa  ssp.  sieholdiana),  was 
found  to  be  toxic  to  C.  septempunctata  hrucki  and  Hat: 
axyridis  (Okamoto  1966).  This  was  confirmed  by  Fuku- 
naga and  Akimoto  (2007;  Fig.  5.9)  who  found  high 
larval  mortality  of  Hat:  axyridis  that  preyed  on  A.  mag- 
noliae fed  on  S.  r.  sieholdiana.  The  authors  consider  that 
the  aphid  absorbs  toxic  substances  or  their  precursors 
from  Samhucus. 

Aphis  craccivora 

Aphis  craccivora  from  a number  of  different  host  plants 
was  recorded  as  unsuitable  food  for  Hat:  axyridis 
already  in  early  studies  (Okamoto  1966,  1978,  Huku- 
sima  & Kamei  1970  in  Hodek  1996)  and  again  more 
recently  by  Ueno  (2003;  Table  5.15),  who  however 
found  lower  toxicity  than  were  reported  in  the  earlier 
studies.  Hukusima  & Kamei  (1970)  found  that  Har. 
axyridis  larvae  did  not  develop  on  this  prey,  and  adults 
also  died  within  4-6  days  if  the  aphid  was  collected 
from  Rohinia  pseudoacacia  or  six  other  host  plants. 
However,  A.  craccivora  was  a favourable  food  when  fed 
on  Vida  sativa  or  Vigna  unguiculata  subsp.  cylindrica. 
In  contrast  to  Har.  axyridis,  both  larvae  and  adults  of 
E japonica  were  resistant  to  the  detrimental  effect  of 
A.  craccivora  from  R.  pseudoacacia.  In  Okamoto's  (1966) 
experiments,  Har.  axyridis  larvae  also  died  when  A. 
craccivora  was  reared  on  Vida  faha  instead  of  R. 
pseudoacada. 

Hukusima  & Kamei  (1970)  suggested  allelochemi- 
cals  as  the  explanation  for  the  probably  toxic  effect  of 
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Table  5.15  Larval  period  and  pupal  mass  of  Harmonia  axyridis  reared  on 
Acyrthosiphon  pisum.  Aphis  cmcdvom,  or  artificial  diet  (after  Ueno  2003). 


Food 

A.  pisum 

A.  craccivora 

Artificial  diet 

Male 

Female 

Larval  period  (days) 
13.8  ± 0.5  (44) 

13.1  ± 0.3  (45) 

18.8  ± 0.7  (32) 
20.6  ± 0.8  (22) 

19.7  ± 0.6  (32) 
21.1  ± 0.6  (41) 

Male 

Female 

Pupal  mass  (mg) 
27.2  ± 0.5  (44) 
28.5  ± 0.7  (45) 

19.6  ±0.6  (32) 
22.0  ± 0.9  (22) 

20.9  ± 0.9  (32) 
23.1  ± 0.7  (41) 

Mean  ± SE.  Sample  sizes  are  given  in  parentheses. 

Both  aphids  were  reared  on  bean  plant  seedlings  in  glass  tubes. 


A.  craccivora  on  Har.  axyridis.  The  authors  reported  that 
aphids  from  R.  pseudoacacia  contained  two  extra  amino 
acids  (glycine  and  arginine)  in  contrast  to  aphids  from 
other  host  plants,  though  these  are  not  normally  con- 
sidered to  be  toxic  substances.  In  later  experiments, 
also  in  Japan,  the  lethal  effect  of  A.  craccivora  fed  on  R. 
pseudoacacia  was  ascribed  to  the  amines  canavanine 
and  ethanolamine  isolated  both  from  the  host  plant 
and  the  aphid  by  Obatake  and  Suzuki  (1985). 

Cer.  undecimnotata  can  neither  complete  larval  devel- 
opment nor  oviposit  when  fed  on  Aphis  craccivora  (from 
Viciafabaj.  though  on  the  same  host  plant  A.  craccivora 
is  an  essential  food  for  C.  septempunctata  (Hodek  1960), 
Azam  and  Ali  (19  70)  reported  A.  craccivora  as  lethal  for 
C.  septempunctata  when  the  aphid  was  fed  on  Glycinidia. 
The  effect  of  host  plant  chemistry  on  the  unsuitability 
of  prey  might  explain  an  earlier  observation  that  the 
larvae  of  C.  septempunctata  brucki  and  P.  japonica  die 
when  fed  on  A.  craccivora  in  spring,  but  not  in  summer 
(Takeda  et  al.  1964).  Different  host  plants  were 
probably  involved.  Different  concentrations  of 
allelochemical  substances  in  the  same  plant  but 
in  different  seasons  of  the  year  might  be  another 
plausible  explanation,  indicated  by  findings  from 
another  aphidophagous  insect,  Chrysopa  perla.  When 
the  lacewings  were  fed  on  Aphis  nerii  from  Nerium 
oleander  in  June,  none  survived,  but  the  survival  was 
much  higher  (78%)  in  winter  (Canard  1977). 

Megoura  viciae 

While  gradual  poisoning  is  one  of  the  possible  expla- 
nations of  the  detrimental  effect  of  some  unsuitable 
aphids  (as  A.  sambuci  or  A.  craccivora) , in  some  instances 


an  acute  toxic  effect  has  been  proven  or  at  least 
strongly  indicated. 

Larvae  of  A.  decempunctata  attacked  and  ate  Aphis 
fahae  and  M.  viciae,  but  after  about  2 minutes  the  larvae 
released  the  prey  and  vomited  and  50%  of  larvae  pro- 
vided with  M.  viciae  died  (Dixon  1958).  The  toxicity  of 
M.  viciae  to  A.  bipunctata  was  studied  in  detail  by  Black- 
man (1965,  1967b)  who  found  this  aphid  to  be  lethal 
to  all  larval  stages  and  to  adults.  Neither  larvae  nor 
adults  avoid  attacking  this  aphid  when  mixed  with 
suitable  prey.  Even  when  M.  viciae  and  the  non-toxic 
Acyrthosiphon  pisum  were  provided  in  the  ratio  of  1:9, 
all  the  larvae  failed  to  reach  the  pupal  stage.  The  first 
instar  larvae,  when  fed  on  this  prey,  perished  more 
rapidly  than  those  starved.  The  fourth  instars  accepted 
M.  viciae  readily,  but  after  about  4 min.  of  feeding  they 
suddenly  rejected  their  prey  and  vomited.  When  fed  on 
this  prey,  all  adults  died  within  a week  of  emergence, 
Frechette  et  al.  (2006;  Table  5.16)  have  more  recently 
confirmed  the  toxicity  of  M.  viciae  for  A.  bipunctata. 
Even  the  larvae  of  the  polyphagous  Har.  axyridis  cannot 
develop  when  fed  exclusively  on  M.  viciae.  They  suc- 
ceeded only  when  at  least  the  first  instar  larvae  were 
fed  on  Aphis  gossypii  that  evidently  is  essential  prey  for 
this  coccinellid  (Tsaganou  et  al.  2004).  M.  viciae  is  toxic 
to  Exochomus  quadripustulatus:  the  larvae  died  within  2 
days  (Radwan  & Lovei  1983),  and  the  aphid  is  very 
unsuitable  for  Cycloneda  sanguinea  (Isikber  & Copland 
2002;  Table  5,17). 

The  rapid  response  of  A.  bipunctata  and  A.  decem- 
punctata to  M.  viciae  indicates  a toxic  effect.  A toxic 
substance  suspected  (Dixon  1958)  was,  however, 
not  found  in  chemical  analysis  of  the  aphid  (Dixon 
et  al.  1965).  In  contrast  to  the  results  from  the 
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Table  5.16  Number  of  eggs  laid  by  Adalia  hipunctata  females  that  oviposited  after  8 and  24  hours,  and  the  percentage  of 
mortality  after  24  hours  in  the  presence  of  three  aphid  species,  Acyrthosiphon  piswn,  Aphis  fahae  and  Megoura  viciae  (modified 
after  Frechette  et  al.  2006). 

No.  of  eggs 

Previously  


fed  on 

Treatment 

n 

8h 

24  h 

Mortality  (%) 

Experiment  1 

A.  pisum 

A.  pisum 

17 

13.00  ± 1.94 
(n  = 9) 

14.40  ± 1.33 
(n  = 15) 

0 

A.  pisum 

A.  fabae 

17 

1 1 .40  ± 1 .69 
(n  = 10) 

13.92  ± 1.76 
(n  = 13) 

0 

A.  pisum 

M.  viciae 

20 

7.63  ± 1.80 
(n  = 8) 

9.63  ± 1.38 
(n  = 16) 

20 

Experiment  2 

A.  fabae 

A.  pisum 

18 

13.10  ± 1.80 
(n  = 10) 

15.79  ±2.17 
{n  = 14) 

0 

A.  fabae 

A.  fabae 

18 

12.88  ± 1.76 
(n  = 8) 

16.58  ± 2.56 
(n  = 12) 

0 

Mean  ± SE;  negative  effect  of  M.  viciae  was  shown  by  both  parameters,  egg  laying  and  mortality. 


Table  5.1 7 Developmental  time  and  survival  rate  of  Cydoneda  sanguinea  on  four  aphid  species  (modified  after  Isikber  & 
Copland  2002). 


A.  gossypii 

A.  fabae 

M.  persicae 

M.  viciae 

P value 

Overall  development* 
Overall  survival^ 

14.6  ±0.2  b(12) 
0.86  a (14/12) 

15.2  ±0.2  b (13) 
0.81  a (16/13) 

14.5  ± 0.3  b (10) 
0.77  a (13/10) 

16.7  ±0.8  a (7) 
0.39  b (18/7) 

P < 0.01 
P = 0.012 

Aphis  gossypii,  Aphis  fabae,  Myzus  persicae,  Megoura  viciae 

Values  within  rows  with  the  same  letter  are  not  significantly  different  (LSD  at  1%  level).  One  way  ANOVA  was  applied 
for  data  analysis. 

‘Overall  development  (larva  + prepupa  + pupa).  Figures  in  brackets  show  the  number  of  individuals  as  replicates. 
^Overall  survival  (larva  + prepupa  + pupa).  Figures  in  brackets  show  the  numbers  of  individuals  at  the  start  and  at  the 
end  of  development,  respectively. 


aforementioned  species,  more  than  60%  of  C.  septem- 
punctata  larvae  successfully  completed  development  on 
M.  viciae,  although  a slightly  negative  effect  was  shown 
on  the  length  of  development  and  weight  of  emerged 
adults  (Blackman  1965,  1967b;  Table  5.18). 

Aphis  nerii 

Aphis  nerii  infests  host  plants  in  the  families  Asclepiad- 
aceae  (milkweeds)  and  Apocyanaceae  (oleander).  Ole- 
anders are  toxic  due  to  high  levels  of  the  cardiac 
glycoside  cardenolides,  particularly  oleandrin  and 
neriin.  The  cardenolides  are  ingested  by  the  aphid, 
sequestered  and  excreted  in  the  honeydew  (Rothschild 
et  al.  1970,  Malcolm  1990).  Malcolm  identified  25 


cardenolides  in  Nerium  oleander  and  1 7 of  them  in  the 
aphids;  20  were  detected  in  the  honeydew.  A.  nerii  on 
N.  oleander  is  poisonous  to  most  coccinellids  that  have 
been  tested,  including  C.  septempunctata,  Cer.  undecim- 
notata,  P.  quatuordecimpunctata  and  A.  hipunctata  (Iperti 
1966),  and  Harmonia  dimidiata,  C.  septempunctata 
hrucki  and  C.  leonina  (Tao  & Chiu  1971).  An  exception 
is  Hip.  variegata,  which  developed  normally  on  this  prey 
(Iperti  1966).  Bristow  (1991)  observed  that  honeydew 
produced  by  leaf-feeding  A.  nerii  was  less  palatable  to 
ants  (Linepithema  huinile)  than  honeydew  from  floral 
colonies.  She  also  offered  aphids  from  these  two  plant 
parts  to  Hip.  convergens  adults,  and  these  consumed 
significantly  more  leaf  than  floral  aphids.  The  lady- 
birds often  failed  to  consume  the  aphid  entirely  and 
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Table  5.18  Development  of  Coccinella  septernpimctata  larvae  on  different  aphids  (Blackman  1965,  1967b). 


Aphid  species 

Development  (days) 

Mortality  (%) 

Weight  of  adult  at 
emergence  (mg) 

Myzus  persicae 

13.0 

12.5 

36.4 

Aphis  fabae 

13.6 

9.1 

36.3 

Acyrthosiphon  pisum 

13.3 

18.6 

37.2 

Megoura  viciae 

14.8 

13.4 

33.5 

Brevicoryne  brassicae 

16.1 

26.1 

30.9 

Aphis  sambuci* 

19.5 

50.0 

18.4 

‘Only  6 out  of  12  larvae  completed  development. 


spent  1-10  minutes  cleaning  their  mouthparts  after 
each  attack.  The  parallel  response  of  the  ants  and  coc- 
cinellids  may  indicate  a lower  content  of  cardenolides 
in  the  floral  tips. 

Rather  surprising,  therefore,  are  the  reports  that 
larvae  of  three  coccinellid  species  completed  their 
development  with  quite  a high  survival  on  A.  nerii, 
reared  in  this  experiment,  however,  on  Calotwpis 
procera.  Survival  was  as  follows:  C.  septempunctata, 
43.9%  (Omkar  & Srivastava  2003);  C.  leonina  trans- 
versalis,  37.8%  (Omkar  & James  2004);  Menochilus 
sexmacidatus,  32.3%  (Omkar  & Bind  2004). 

Whereas  the  aphids  from  oleander  are  poisonous  for 
coccinellids,  the  scale  Aspidiotus  nerii  from  oleander  is 
a more  suitable  prey  for  the  coccinellid  Chilocorus 
infernalis  than  Astewlecanium  sp.  on  giant  bamboo 
Dendrocalamus  giganteus  (Hattingh  & Samways  1991). 
It  is  not  clear  whether  the  scales  avoid  taking  in  glyco- 
sides. or  whether  they  are  or  are  not  sequestered  by  the 
coccinellid. 

Macrosiphum  albifrons 

Macrosiphum  albifrons,  the  lupin  aphid,  feeding  on 
Lupinus  mutabilis  plants  with  a high  content  of  quino- 
lizidine  alkaloids  (>0.1%  alkaloids  in  fresh  matter), 
was  toxic  to  C.  septempunctata  larvae  and  adults 
(Gruppe  & Roemer  1988),  The  aphids  themselves 
preferred  plants  with  high  alkaloid  content.  Adults  of 
A.  bipunctata  survived  longer  (max.  15  days)  than  C. 
septempunctata  (10  days)  when  fed  on  aphids  from  high 
alkaloid  plants.  Other  Lupinus  spp.  cultivars  with  a 
high  content  of  the  alkaloid  lupanin  were  100%  lethal 
to  the  larvae  of  C.  septempunctata.  The  only  exception 
was  L.  luteus,  although  its  total  alkaloid  content  is 
similar.  This  host  plant  contains  70%  spartein  and 
only  30%  lupanin  (Emrich  1991). 


Toxoptera  citricidus 

Toxoptera  citricidus  caused  the  death  of  larvae  in  all 
coccinellid  species  studied  in  Taiwan:  Har.  dimidiata, 
Har.  axyridis,  C.  septempunctata  brucki,  C.  leonina,  Meno- 
chilus sexmacidatus  and  Synonycha  grandis  (Tao  & Chiu 
1971).  The  lethal  effect  was  also  recorded  in  Venezuela 
on  the  larvae  of  Cycloneda  sanguinea,  while  Uroleucon 
ambrosiae  served  as  an  essential  prey  (Morales  & 
Burandt  1985).  In  contrast,  Michaud  (2000)  found 
that  C.  sanguinea  from  Florida  citrus  groves  completed 
larval  development  on  T.  citricidus  as  did  Har.  axyridis, 
with  respectively  100  and  95%  survival.  The  adults 
of  C.  sanguinea  were  also  found  to  oviposit  when 
they  were  fed  on  T.  citricidus  and  their  voracity  was 
so  high  that  they  had  the  potential  to  control  the 
aphid.  Larvae  of  four  other  coccinellid  species,  C.  sep- 
tempunctata, Coelophora  inaequalis,  Olla  v-nigrum  and 
Hip.  convergens,  did  not  complete  development  on  T. 
citricidus;  however,  the  females  of  these  four  species 
produced  viable  eggs  on  the  same  diet  (Michaud  2000), 
This  is  one  of  the  observations  that  call  for  more  preci- 
sion in  the  definition  of  essential  food,  along  with  other 
cases  in  which  prey  suitability  for  larvae  and  adults 
differs  (5.2.11).  Similar  complex  interrelations  were 
recorded  by  Michaud  (2000)  for  Aphis  spiraecola  on 
citrus. 

Aphis  jacobaeae 

Feeding  of  C.  septempunctata  on  A.  jacobaeae  containing 
pyrolizidine  alkaloids  apparently  differs  from  the 
intoxication  of  coccinellids  by  other  toxic  aphids  men- 
tioned above.  A.  jacobaeae  feeds  on  several  species  of 
Senecio  where  a large  range  of  pyrolizidine  alkaloids 
are  present  in  the  form  of  N-oxides.  A high  content 
of  senecionine,  seneciphylline,  jacobine  and 
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erucifoline  was  found  in  S.  jacobaea,  and  similarly  in 
A.  jacobaeae  and  its  predator  C.  septempunctata  (Witte 
et  al.  1990).  The  aphid  contained  0.8-3. 5 mg  of 
pyrolizidine  alkaloids  per  1 g fresh  weight  and  the 
adult  coccinellid  0.3-4. 9 mg.  The  precoccinellines 
(alkaloids  which  the  coccinellids  produce)  amounted 
to  a mean  of  lO.Smg/g  fresh  weight  (Chapter  9). 

Both  aphids  and  coccinellids  store  their  pyrrolizidine 
alkaloids  as  tertiary  alkaloids,  while  other  insects 
(Tyria,  Arctia)  store  them  as  N-oxides  (Witte  et  al. 
1990).  These  authors  proposed  that  the  high  pyr- 
rolizidine alkaloid  content  may  protect  ladybirds 
against  birds.  This  probably  was  the  first  reported  case 
of  coccinellids  obtaining  defence  chemicals  from 
their  prey,  but  it  was  not  measured  to  what  extent  the 
alkaloid  content  affected  development  and  oviposition 
of  the  coccinellids. 

The  hydroxamic  acid  DIMBOA  (2,4-dihydroxy- 
7-methoxy-l,4-benzoxazin-3-one)  present  in  wheat 
extracts  is  associated  with  resistance  of  wheat  to 
aphids.  The  effect  of  this  secondary  metabolite  on 
larvae  of  the  coccinellid  Eriopis  comiexa  was  examined 
by  feeding  them  on  aphids  (Rhopalosiphum  padi)  that 
had  fed  for  24  hours  on  wheat  cultivars  with  differing 
DIMBOA  content  (Martos  et  al.  1992).  The  allelochem- 
ical  was  less  deleterious  than  the  toxic  compounds 
discussed  above.  The  greatest  negative  effect  was 
paradoxically  achieved  by  intermediate  levels  of 
DIMBOA  (Table  5.19).  Aphids  feeding  on  wheat  seed- 
lings with  an  intermediate  DIMBOA  level  accumulated 
most  DfMBOA  in  their  bodies  because  aphids  on  the 
high  DIMBOA  varieties  could  detect  the  compound 
and  this  deterred  their  feeding.  Thus  high  DIMBOA 
concentrations,  which  would  increase  the  resistance  to 


aphids,  would  actually  reduce  the  effect  of  the  second- 
ary metabolite  on  the  predator  (Martos  et  al.  1992). 

Some  authors  have  attempted  to  explain  the  un- 
suitability of  certain  foods  in  terms  of  nutrient 
deficiency.  Atwal  & Sethi  (1963)  suggested  that  the 
higher  protein  content  of  Lipaphis  pseudobrassicae 
makes  this  aphid  more  favourable  than  Aphis  gossypii 
for  C.  septempunctata.  Hariri  (1966b)  similarly  sup- 
posed that  Acyrthosiplwn  pisum  is  more  nutritious  for 
A.  bipunctata  than  is  Aphis  fahae.  The  low  suitability 
of  A.  fahae  for  larvae  of  A.  bipunctata  is  explained  by 
Blackman  (1967b)  as  due  to  two  factors:  difficulty  in 
ingesting  the  food  and  low  nutritive  value.  The  two 
may  be  related;  nutritive  value  may  be  low  because 
some  essential  nutrients  are  left  behind  in  the  non- 
ingested  carcass. 

General  remarks  on  toxic  prey 

As  described  above,  there  are  several  examples  of 
aphids  which,  like  many  other  herbivores,  protect 
themselves  by  toxins  sequestered  from  their  host 
plants.  Pasteels  (2007)  calls  this  method  ‘chemical 
piracy'  to  stress  its  difference  from  the  synthesis  of 
toxins  de  novo  in  animal  bodies  (for  specific  coccinellid 
alkaloids  see  Chapter  9). 

The  toxicity  of  certain  prey  operates  selectively.  For 
example,  Megoura  viciae  is  toxic  to  Adalia  spp.  and  Exo- 
chomus  quadripustulatus,  but  most  C.  septempunctata 
larvae  develop  on  this  prey.  Aphis  sambuci  is  toxic  for  C. 
septempunctata,  but  much  less  so  to  A.  bipunctata.  The 
differences  are  often  related  to  habitat  specificity:  Coc- 
cinella  septempunctata  prefer  habitats  with  low  plants, 
which  is  where  M.  viciae  occurs,  while  Adalia  spp.  and 


Table  5.19  Effect  of  DIMBOA  levels  in  cultivars  of  wheat  on  development  of  Eriopis 
connexa.  Aphids  (Rhopalosiphum  padi)  were  allowed  to  feed  on  the  plants  for  24  hours 
before  they  were  given  as  prey  to  coccinellid  larvae  (Martos  et  al.  1992). 


Content  of  DIMBOA* 
in  wheat  plants 
(pg/g  fresh  weight) 

n 

Development 
duration  (days) 

Survival  (%) 

larvae'*' 

pupae'* 

larvae 

pupae 

140 

10 

10.4  a 

4.0  a 

98 

100 

270 

10 

10.7  b 

4.0  a 

93 

100 

440 

10 

9.1  c 

3.8  a 

100 

100 

'DIMBOA  = 2, 4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one  is  a secondary 
metabolite  found  in  cereal  extracts;  its  level  indicates  resistance  to  aphid. 
^Means  within  a column  followed  by  the  same  letter  are  not  significantly  different 
(P  = 0.05). 
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E.  quadripustulatus,  which  prefer  shrubs  and  trees, 
come  into  contact  with  A.  samhuci  more  frequently,  but 
not  with  M.  viciae. 

In  the  relationship  between  aphids  (and  prey  in 
general)  and  coccinellids  we  are  witnessing  a similar 
process  of  evolution  of  specificity  that  has  been  inten- 
sively studied  in  phytophages  and  plants.  In  fact,  we 
may  witness  here  a further  level  of  the  evolutionary 
process  within  tritrophic  relations.  Moreover,  in  the 
case  of  the  tritrophic  chain  Senecio  jacohaea-Aphis 
jacohaeae-C.  septempunctata,  we  may  see  additional  evo- 
lutionary elements:  C.  septempunctata  not  only  seems 
unaffected  by  pyrrolizidine  alkaloids  in  aphids,  but 
keeps  the  chemicals  in  their  body  and  probably  uses 
them  as  a defensive  chemical,  together  with  their  own 
alkaloids.  It  is  a pity  that  this  interesting  model  has  not 
been  studied  in  more  detail  since  1990. 

In  general,  much  research  is  needed  on  the  adaptive 
mechanisms  in  individual  species  of  coccinellids  to 
toxic  prey.  Are  the  toxic  compounds  detoxified  or 
excreted  in  a non-sequestered  state  or  are  they  stored 
in  a transformed  inert  form.?  Hai:  axyridis  appears  to 
detoxify  the  alkaloids  of  intraguild  coccinellid  prey 
(Sloggett  & Davis  2010).  An  important  message 
emerges  for  further  studies:  because  the  prey  insect 
mostly  gets  toxins  from  the  host  plant,  not  only  the 
plant  species  should  be  recorded,  but  also  other  aspects, 
the  season,  plant  variety  or  cultivar  etc.,  because  the 
concentration  of  allelochemicals  will  vary. 

S.2.6.2  Rejected  prey 

While  certain  accepted  prey  do  not  facilitate  develop- 
ment (5. 2. 6. 3)  or  can  even  be  toxic  (5. 2. 6.1),  other 
prey  are  rejected  and  not  eaten.  The  placement  of 
unsuitable  prey  into  these  three  groups  remains  rather 
arbitrary.  However,  in  some  prey  species  considered  to 
be  rejected  prey  due  to  unknown  factors  (e.g.,  Icerya 
pwvhasi  or  Brevicoryne  brassicae),  toxic  substances  have 
been  found  in  later  analyses.  These  relations  have  most 
often  been  described  for  aphids  and  aphidophagous 
coccinellids,  but  also  occur  between  other  prey  and 
predators  (Fig.  5.1). 

Delphiniobium  junackianum  feeds  on  Aconitum 
which  contains  the  poisonous  compound  aconitin. 
This  allelochemical  may  be  the  reason  why  coccinellids 
reject  this  prey,  although  Hawkes  (1920)  suspected 
that  the  intense  colour  of  the  aphid  was  probably  a 
warning.  In  other  examples,  unpalatability  is  con- 
nected with  a waxy  surface,  as  in  Brevicoryne 


MyzusI  Myzus/  MyzusI  Brevicoryne  Brevicoryne 
V.  faba  B.  napus  S.  alba  / B.  napus  / S.  alba 

(n  = 54)  (n  = 52)  (n  = 51)  (n  = 31)  (n  = 0) 

Figure  5.10  Effect  of  the  aphid  host  plant  {Sinapis  alha, 
Brassica  napus  and  Vida  faba)  on  adult  weight  of  Adalia 
hipunctata  fed  with  Myzus  persicae  or  Brevicoryne  brassicae.  n, 
number  of  individuals  reaching  the  adult  stage.  Different 
letters  indicate  significant  differences  at  P = 0.001  (from 
Francis  et  al.  2000). 

brassicae  or,  to  a lesser  extent,  in  Hyalopterus  primi. 
Telenga  and  Bogunova  (1936)  observed  that  the  coc- 
cinellid Har.  axyridis  refused  B.  brassicae  in  the  field,  and 
in  the  laboratory  the  females  ceased  oviposition  when 
transferred  from  H.  primi  to  B.  brassicae.  George 
(1957)  also  noticed  that  B.  brassicae  was  avoided  by 
Coccinellidae. 

The  effect  of  glucosinolates,  the  main  allelo- 
chemicals  of  Brassicaceae,  on  A.  bipunctata  was 
studied  in  a tritrophic  context  (other  tritrophic  studies 
in  5.2.12.).  Two  aphid  species,  the  generalist  Myzus 
persicae  and  the  brassica  specialist  B.  brassicae  were  fed 
on  two  brassicas:  white  mustard,  Sinapis  alba,  with  a 
high  glucosinolate  content  and  oil  seed  rape,  Brassica 
napus,  where  the  level  of  glucosinolates  is  six  times 
lower.  Four  types  of  prey  were  fed  to  A.  bipunctata 
and  survival,  adult  weight,  developmental  rate  and 
reproduction  were  recorded  (Francis  et  al.  2000: 
Figs.  5.10,  5.11).  Myzus  persicae  from  S.  alba  gave 
low  larval  mortality  of  A.  bipunctata  but  negatively 
affected  oviposition.  Brevicoryne  brassicae  from  S.  alba 
was  clearly  a toxic  food,  causing  prolonged  develop- 
ment of  early  instars ; and  no  individual  completed 
development. 

This  difference  was  explained  by  gas  chromato- 
graphic analysis:  significant  amounts  of  glucosinolates 
were  detected  in  M.  persicae,  but  no  degradation 
products.  However,  these  highly  toxic  degradation 
products,  isothiocyanates,  were  identified  in  B. 
brassicae.  Moreover,  m}Tosinase,  which  catalyses 
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Figure  5.11  Effect  of  the  aphid  host  plant  (Sinapis  alha, 
Brassica  napus)  on  larval  and  pupal  development  of  Adalia 
bipunctata  fed  with  Myzus  persicae  (a)  and  Brevicoryne 
hrassicae  (b).  Different  letters  indicate  significant  differences 
at  P = 0.001  for  pairwise  comparisons  (from  Francis  et  al. 
2000). 


glucosinolate  degradation,  was  detected  in  B.  hrassicae 
but  not  in  M.  persicae  (Francis  et  al.  2000).  When  fed 
exclusively  on  B.  hrassicae,  Har.  axyridis  larvae  also  did 
not  complete  development  (Tsaganou  et  al.  2004). 
Aphid  diet  containing  glucosinolates  affects  first  instar 
A.  hipunctata  more  seriously  than  C.  septempunctata.  As 
little  as  0.2%  of  sinigrin  in  the  diet  leads  to  100%  mor- 
tality in  the  former  species;  by  contrast,  first  instars  of 
C.  septempunctata  survived  when  fed  with  B.  hrassicae 
reared  on  Brassica  nigra  or  artificial  diet  containing  up 
to  1%  sinigrin.  However,  development  rate  was 
decreased  (Pratt  et  al.  2008:  Table  5.20). 

We  see  here  a similar  relation  between  allelochemi- 
cal  tolerance  and  habitat  as  with  Aphis  samhuci.  Again 
the  common  occurrence  of  the  coccinellid  species  in 
the  preferred  habitat  with  the  toxic  aphid  appears  to 
lead  to  evolution  of  adaptive  resistance  to  the  alel- 
lochemical.  Coccinella  septempunctata  comes  in  contact 
with  brassicas  and  therefore  their  glucosinolates  more 
often  than  A.  hipunctata,  which  prefers  tree  and  shrub 
habitats. 

Hyalopterus  pruni  was  described  as  unsuitable  for 
A.  hipunctata  by  Hawkes  (1920).  ft  was  rejected  by 
larvae  of  A.  decempunctata  immediately  on  piercing  the 
body  wall.  In  subsequent  attacks  this  aphid  was 
rejected  as  soon  as  the  larva  touched  it  with  its  palps 
(Dixon  1958).  By  contrast,  Hodek  (1959)  found  this 
aphid  to  be  essential  larval  prey  for  C.  septempunctata 
in  spite  of  the  waxy  covering.  Ozder  & Saglam  (2003) 
recorded  63%  larval  mortality  in  C.  septempunctata  and 


Table  5.20  Survival  of  Adalia  hipunctata  or  Coccinella  septempunctata  first  instar 
larvae  to  second  instar  (a)  fed  Brevicoryne  hrassicae  or  Myzus  persicae  reared  on 
Brassica  nigra,  (b)  fed  Brevicoryne  hrassicae  reared  on  artificial  diets  containing  a range 
of  concentrations  of  sinigrin  (modified  after  Pratt  et  al.  2008). 


(a)  Survival  to  second 

Aphid  species 

instar  (%) 

Myzus  persicae 

Brevicoryne  hrassicae 

Atdalia  bipunctata 

90 

0 

Coccinella  septempunctata 

90 

90 

(b)  Survival  to  second 

Sinigrin  content  in  aphid  artificiai  diet 

0% 

0.2% 

0.4% 

0.6%  0.8%  1.0% 

instar  (%) 

Adalia  bipunctata 

90 

0 

0 

0 0 0 

Coccinella  septempunctata 

100 

90 

90 

80  70  80 

n = 9-10. 
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50%  in  A.  hipunctata  when  H.  pruni  was  the  prey,  while 
in  Parexochomus  nigromaculatus  the  larval  mortality 
was  only  26%  (Atlihan  & Kaydan  2002,  Atlihan  & 
Ozgokce  2002).  A marshland  species  Anisosticta  bitri- 
angularis  preferred  starvation  to  feeding  on  an  unusual 
prey  Schizolachnus  piniradiatae  (Gagne  & Martin 
1968). 

An  interesting  study  was  made  about  80-90  years 
ago  on  the  famous  Rodolia  cardinalis.  This  coccido- 
phagous  ladybird  refused  to  feed  on  its  normal  host 
Icevya  purchasi  when  the  scale  fed  on  Spartium  or 
Genista.  It  was  thought  that  such  plants  with  sparse 
leaves  failed  to  provide  shade  (Savastano  1918)  or 
that  the  smell  of  the  plants  repelled  the  ladybirds 
(Balachowsky  1930).  However,  even  if  the  coccids 
which  had  fed  on  Spartium  or  Genista  were  offered 
to  the  ladybirds  without  host  plants  they  were  still 
rejected  (Poutiers  1930).  These  unsuitable  host 
plants  contain  respectively  the  yellow  pigment  genis- 
tein  and  the  alkaloid  spartein.  It  has  therefore  been 
hypothesized  (Hodek  1956)  that  substances  imbibed 
by  I.  purchasi  from  the  plants  make  them  unpalatable 
for  Rodolia.  similar  to  the  toxic  effects  of  alellochemi- 
cals  to  other  coccinellids.  Thus  the  unsuitability  of 
I.  purchasi  from  Spartium  or  Genista  was  considered 
another  case  of  acquired  toxicity  (Hodek  1973; 
5.2. 6.1). 

In  a later  study,  the  survival  and  development  time 
of  R.  cardinalis  and  Chilocorus  bipustulatus  was  meas- 
ured when  they  were  reared  on  four  prey.  These 
were  three  scale  insects  (a  margarodid  I.  purchasi, 
a diaspidid  Lepidosaphes  ulmi  and  a pseudococcid 
Planococcus  citri)  and  Aphis  craccivora.  The  prey  were 
reared  on  the  alkaloid-bearing  legumes  Erythrina  coral- 
lodendron  and  Spartium  junceum  and  on  non-toxic 
plants  as  a control.  Survival  of  both  ladybirds  was 
significantly  reduced  and  the  development  time  of 
R.  cardinalis  increased  by  preying  on  insects  from  the 
toxic  plants  (Mendel  et  al.  1992).  However,  this 
was  not  the  case  with  Cryptolaemus  montrouzieri.  This 
negative  effect  of  E.  corallodendron  and  S.  junceum 
rendering  I purchasi  toxic,  prevented  colonization  of 
these  plants  by  this  ladybird  (Mendel  & Blumberg 
1991). 

Aiolocaria  hexaspilota,  a specialized  predator  of 
chrysomelids,  has  been  reported  as  feeding  both  as 
larvae  and  adults  on  the  pre-imaginal  stages  of  several 
chrysomelids  (Iwata  1932,  1965,  Savoiskaya  1970a, 
1983,  Kuznetsov  1975),  but  rejected  another  chrys- 


omelid,  Agelastica  coerulea  from  Alnus  japonica  (Iwata 
1965)  and  two  central-Asiatic  chrysomelids,  (vernac- 
ular names  in  Savoiskaya  1970a).  In  Kazakhstan,  its 
essential  prey  is  the  chrysomelid  Melasoma  populi.  In 
later  experiments  A.  hexaspilota  accepted  larvae  and 
pupae  of  Galeruca  interrupta  armeniaca  rather  reluc- 
tantly (Savoiskaya  1983). 


5. 2. 6. 3 ‘Problematic’  prey 

Coccinellids  accept  some  food  which  is  not  adequate 
and  worsens  life-history  parameters,  although  it  is  not 
toxic. 

This  can  occur  when  coccinellids,  specialized  to 
certain  taxonomic  groups  of  prey,  are  fed  prey  from 
other  groups.  Although  adults  and  larvae  of  A.  bipunc- 
tata  were  occasionally  found  feeding  on  tetranychid 
mites  (Robinson  1951)  and  the  gut  of  A.  bipunctata 
and  of  three  Coccinella  spp.  contained  remains 
of  the  mite  Panonychus  ulmi  (Putman  1964),  the 
coccinellids  could  not  develop  on  this  prey  (Robinson 
1951,  Putman  1957).  Conversely,  the  adults  of  the 
acarophagous  Stethorus  pusillus  did  not  oviposit  when 
fed  on  aphids,  and  the  larvae  could  not  complete  their 
development  (Putman  1955).  Also  other  prey  of  the 
generally  appropriate  group  may  be  inadequate. 
This  acarophagous  coccinellid  refuses  the  mite  Bryobia 
praetiosa.  If  Stethorus  gilvifrons  preys  on  Bryobia  rubri- 
oculus,  the  adults  do  not  oviposit  and  the  larvae  die  in 
the  second  or  third  instar  (Dosse  1967). 

Aphis  fabae  poses  quite  a problem  because  of  its 
taxonomy.  Its  host-plant-adapted  biotypes  have  been 
redefined  as  different  species,  and  thus  the  authors 
quoted  below  probably  worked  with  a variety  of  species. 
When  the  host  plant  is  not  reported,  one  can  only 
guess  at  the  exact  aphid  used.  This  may  explain  why 
the  suitability  of  A.  fabae  differs  between  the  studies.  An 
aphid  used  by  Hodek  (1956,  1957a,  b)  is  what  is  now 
probably  A.  cirsiiacanthoidis,  while  Ehler  et  al.  (1997) 
defined  their  prey  as  the  ‘A.  fabae  complex  on  sugar 
beet’. 

As  early  as  1954,  Dyadechko  found  A.  fabae  some- 
what less  suitable  than  Toxoptera  graminum  for 
Coccinula  quatuordecimpustulata.  Nine  out  of  ten  species 
of  coccinellids  including  the  polyphagous  Col.  maculata 
tested  by  Smith  (1965b)  failed  to  complete  their  larval 
development  when  fed  on  Aphis  fabae.  The  10th  species, 
Elip.  tredecimpunctata,  reached  the  adult  stage,  but 
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Age  of  larva  (h) 

Figure  5.12  Development  of  Adalia  hipunctata  larvae  on 
different  aphid  foods  (from  Blackman  1967a). 


Age  of  larva  (h) 


Figure  5.13  Development  of  Coccinella  septempunctata 
larvae  on  different  aphid  foods  (from  Blackman  1967b). 


the  beetles  were  smaller  and  their  development  was 
significantly  slower  than  when  fed  on  Acyrthosiphon 
pisum  or  Rhopalosiphum  maidis. 

In  a thorough  study,  Blackman  (1965,  1967b) 
tested  the  suitability  of  several  aphid  foods  for  A. 
hipunctata  and  C.  septempunctata  (Tables  5.3  and  5.18, 
Figs  .5.12  and  5.13).  Although  A.  fabae  and  A.  sambuci 
are  natural  prey  for  A.  hipunctata  in  the  field,  they  were 
relatively  unsuitable  food  for  this  coccinellid,  as  was 
shown  by  the  longer  larval  development  and  the 
greater  larval  mortality.  A.  hipunctata  also  had  a lower 
fecundity  and  fertility  when  fed  on  A.  fabae.  Hariri 
(1966a,  b)  reported  similar  results.  When  the 
larvae  were  fed  on  this  aphid  the  resulting  adults 
weighed  less,  they  contained  less  fat  and  glycogen  and 
their  fecundity  was  halved.  Iperti  (1966)  ascertained 
an  adverse  effect  of  A.  fabae  on  vitellogenesis  in  A. 
hipunctata. 

In  contrast  to  A.  hipunctata,  larvae  of  C.  septem- 
punctata are  able  to  develop  on  A.  fabae  successfully. 
Hodek,  Blackman  and  Ehler  recorded  almost  100% 
successful  completion  of  larval  development  by  C. 
septempunctata  on  A.  fabae:  Hodek  (1956,  1957a), 
92-100%:  Blackman  (1965,  1967b),  91%;  Ehler  et  al. 
(1997),  100%.  Aphis  fabae  is  toxic  to  the  larvae  of 
Exochomus  quadripustulatus  (Radwan  & Lovei  1983), 
but  rather  suitable  for  Cer.  undecinmotata  (under  the 


wrong  name  Hip.  undecinmotata)  (Papachristos  & 
Milonas  2008). 

Atwal  and  Sethi  (1963)  found  that  the  larvae  and 
resulting  pupae  of  C.  septempunctata  were  heavier 
when  fed  on  Lipaphis  pseudobrassicae  than  on  Sitobion 
avenue  and  Aphis  gossypii.  When  studying  food 
specificity  in  Harmonia  axyridis,  Hukusima  and  Kamei 
(1970)  found  three  aphids  {Aphis pomi,  Brevicoryne 
brassicae  and  Hyaloptems  pruni)  out  of  nine  to  be 
less  suitable  for  the  larvae,  prolonging  development  by 
about  one-third,  compared  with  diets  of  six  more 
suitable  species,  including  Acyrthosiphon  pisum  and 
Myzus  persicae.  Aphis  pomi  was  the  least  suitable  of  four 
essential  aphid  prey  for  Exochomus  quadripustulatus: 
the  mortality  of  larvae  was  19%  (vs.  7-11%)  and  the 
adult  fresh  weight  8 mg  (vs.  12-1 4 mg)  (Radwan  & 
Lovei  1983).  Olszak  (1988)  found  A.  pomi  highly 
detrimental  for  larvae  of  C.  septempunctata  (100%  mor- 
tality), A.  hipunctata  (94%)  andP  quatuordecimpunctata 
(73%). 

Chilocorus  hipustulatus  is  unable  to  reproduce  when 
feeding  on  the  olive  scale  Saissetia  oleae  (Huffaker  & 
Doutt  1965).  Chilocorus  stigma  has  a markedly  lower 
fecundity  and  survival  and  a prolonged  pre-oviposition 
period  if  fed  on  the  mussel  scale  Lepidosaphes  heckii 
(Muma  1955),  whereas  the  scale  Chrysomphalus 
aonidum  is  a suitable  prey. 
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Table  5.21  Effect  of  four  different  host  plants  of  the  mealybug  Phenacoccus  rnanihoti  on  life-history  parameters  in  Exochomus 
flaviventris  (modified  after  Le  Rii  & Mitsipa  2000). 


Glycosides 

Cassava  {Manihot  esculenta) 
Incoza  var.  Zanaga  var. 

hybrid'' 

Talinum 

n = 11 

high  content 

n = 10 
low  content 

n = 11 

n = 11 

lacks  glycosides 

Immature  mortality  (%) 

24.4 

15.9 

23.1 

14.8 

Oviposition  time  (days) 

28.9 

47.4 

25.8 

38.6 

Total  fecundity  (eggs/female) 

265.1 

384.5 

199.5 

269.0 

''Hybrid  of  M.  esculenta  and  M.  glaziovii. 


The  adults  of  the  coccidophagous  Cryptognatha 
nodiceps  also  feed  on  the  aleurodid  Aleuivdiciis 
cocois,  but  the  females  do  not  lay  eggs  (Lopez  et  al. 
2004). 

Prey  feeding  on  resistant  plants 

Aphis  fahae  feeding  on  a partially  resistant  cultivar  of 
Vicia  faba  (that  reduced  aphid  numbers  by  63%)  was 
not  a favourable  prey  for  C.  septempunctata:  fecundity, 
fertility  and  oviposition  period  were  decreased  while 
the  pre-oviposition  period  was  prolonged  compared  to 
feeding  on  prey  from  the  susceptible  cultivar.  The  com- 
bined action  of  the  partial  resistance  of  the  crop  and 
the  slightly  handicapped  predator  was  more  effective  in 
lessening  aphid  numbers  than  either  effect  alone 
(Shannag  & Obeidat  2008). 

Similar  observations  were  made  on  cassava.  A host 
plant  effect  on  the  polyphagous  African  ladybird 
Exochomus  flaviventris  was  recorded  when  it  fed  on  the 
cassava  mealybug  Phenacoccus  rnanihoti,  when 
reared  on  varieties  of  cassava  (Manihot  esculenta)  and 
a weed  (Taluiimj  triangulare)  that  sometimes  hosted 
large  populations  of  the  mealybug.  Cassava  varieties 
contained  different  levels  of  cyanogenic  glycosides 
that  were  associated  with  their  resistance  to  mealy- 
bugs. The  mealybugs  that  fed  on  the  low-resistance 
variety  ‘Zanaga’  appeared  to  be  the  most  suitable  for 
E.  flaviventris  (Table  5.21).  The  worst  effects  on  the 
duration  and  survival  in  larval  development  of  lady- 
birds were  caused  by  mealybugs  from  host  plants 
with  intermediate  levels  of  glycosides  and  surprisingly 
not  those  with  the  highest  (Le  Rii  & Mitsipa  2000). 
Similar  greatest  negative  effects  of  intermediate  allelo- 
chemical  content  on  coccinellids  were  observed  with 


DIMBOA  in  wheat,  where  the  aphid  prey  found  higher 
DIMBOA  levels  deterrent  (5.2. 6.1). 


5.2.7  Prey  other  than  aphids/coccids 

5.2.7. 1 Developmental  stages  of  Holometabola 

The  rearing  of  specific  prey  for  aphidophagous  or  coc- 
cidophagous coccinellids  requires  a large  amount  of 
space,  human  resources  and  energy,  and  rearing  coc- 
cinellids on  artificial  diets  (5.2.10)  has  met  with  limited 
success.  Therefore  some  authors  have  tried  to  use 
substitute  insect  prey  that  are  easier  to  produce,  mostly 
the  eggs  of  lepidopteran  stored  product  pests. 
Substitute  prey  often  appear  to  be  suitable.  A recent 
review  is  by  Evans  (2009). 

When  Cryptolaemus  montrouzieri  larvae  are  reared 
on  the  eggs  of  Sitotroga  cerealella  neither  survival 
during  development  nor  the  weight  of  emerging  adults 
are  reduced  (Pilipjuk  et  al.  1982).  The  euryphagous 
Har.  axyridis  was  reared  more  successfully  on  eggs  of 
the  pyralid  moth  Ephestia  kuehniella  than  on  Acyrthosi- 
phon  pisum.  The  pyralid  eggs  were  UV-killed  (Schanderl 
et  al.  1988)  (Table  5.22)  or  frozen  (Berkvens  et  al. 
2008).  E.  kuehniella  eggs  were,  however,  unsuitable  for 
Cer.  undecimnotata  (Iperti  & Trepanier-Blais  1972, 
Schanderl  et  al.  1988,  Table  5.22)  and  P.  quatuordecim- 
punctata  (Bazzocchi  et  al.  2004),  although  this  diet  was 
reported  as  suitable  for  the  oligophagous  C.  septem- 
punctata (Sundby  1966)  and  A.  hipunctata  (de  Clercq 
et  al.  2005). 

Upon  being  switched  from  a diet  of  aphids  to  an 
aqueous  solution  of  sucrose,  females  of  C.  tranversalis 
ceased  oviposition  after  3 days  and  laid  almost  no  eggs 
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Table  5.22  Eggs  of  Ephestia  kuehniella  as  food  for  Harmonia  axyridis  and  Cemtomegilla  undecimnotata  (Schanderl  et  al.  1988). 


Pre-imag. 

development 

Adult  Oviposition 


Coccinellid 

species 

Generation* 

Food'' 

mortality 

(%) 

duration 

(days) 

weight 

(mg) 

Reproduct. 

(%) 

rate 

(eggs/day) 

Harmonia 

control 

aphid 

11.4 

14.8  ±0.1 

29.6  ± 0.9 

80.0 

22.7  ±4.1 

axyridis 

1 

eggs 

2.6 

14.1  ± 0.1 

26.8  ± 0.9 

85.0 

38.6  ± 4.8 

2 

eggs 

11.7 

16.0  ± 0.1 

33.0  ± 1.1 

80.0 

40.9  ± 4.6 

3 

eggs 

4.7 

15.9  ±0.1 

28.7  ± 1.5 

72.2 

34.2  ± 4.7 

Ceratomegilla 

control 

aphid 

6.0 

12.3  ±0.1 

29.1  ± 0.7 

100.0 

20.4  ± 2.8 

undecimnotata 

1 

eggs 

16.8 

15.1  ± 0.2 

23.4  ± 0.8 

55.0 

t8.6  ± 3.7 

2 

eggs 

45.2 

17.3  ±0.2 

23.6  ± 1.0 

60.0 

11.1  ±4.0 

3 

eggs 

51.0 

22.3  ± 0.7 

19.7  ± 1.0 

55.0 

13.8  ±3.4 

‘Both  larvae  and  adults  of  all  generations  were  fed  on  eggs  of  £.  kuehniella,  killed  by  x-rays. 
+An  essential  aphid  prey,  Acyrthosiphon  pisum,  was  used  as  control  food. 


on  a diet  of  second  instars  of  the  moth  Helicoverpa 
armigera.  However,  females  laid  eggs  in  small  numbers 
(on  average  2.7  eggs  per  day)  when  provided  with  a 
combination  of  both  these  alternative  diets  (Evans 
2000;  5.2.5).  Natural  feeding  by  Hip.  variegata  on  the 
eggs  of  Helicoverpa  armigera  in  Australian  cotton  fields 
was  demonstrated  by  ELISA  (5.2.1:  Mansfield  et  al. 
2008). 

Col.  maculata  preyed  on  eggs  and  larvae  of  three 
lepidopterans  in  the  laboratory:  Plutella  xglostella  was 
preyed  upon  more  than  Pieris  rapae  and  Trichoplusia  ni. 
Col.  maculata  adults  preyed  more  on  eggs,  while  the 
fourth  instars  preferred  larvae  (Roger  et  al.  2000: 
also  5. 2. 4.1).  Roger  et  al.  (2001)  observed  that  Col. 
maculata  larvae  selected  eggs  of  the  noctuid  T.  ni 
according  to  their  age:  one  day  old  eggs  were  preferred 
over  three  day  old  eggs,  regardless  of  whether  the  eggs 
were  parasitized  by  Trichogramma  evanescence  or  not. 
In  maize  fields.  Col.  maculata  is  recorded  as  a very 
important  predator  of  eggs  of  the  noctuid  Helicoverpa 
tea.  contributing  to  about  45%  of  the  observed  preda- 
tion (Pfannenstiel  & Yeargan  2002). 

It  has  even  been  recorded  that  the  adults  and  third 
instars  of  Hat  axgridis  feed  on  the  eggs  and  first  instars 
of  the  monarch  butterfly,  Danaus  plexippus  (Koch  et  al. 
2003). 

The  rearing  of  Har.  axyridis  for  several  years  on  eggs 
of  E.  kuehniella  substantially  decreased  coccinellid 
intensive  searching  behaviour  for  aphid  prey 
(5.4. 1.2)  compared  to  coccinellids  continuously  reared 


on  aphids  (Ettifouri  & Ferran  1993).  Any  possible 
change  in  behaviour  patterns,  produced  by  mass- 
rearing coccinellids  on  a substitute  diet  should  always 
be  looked  for,  as  it  might  hamper  their  efficiency  in  the 
biological  control  of  natural  prey. 

Developmental  stages  of  Coleoptera  and  other 
insect  orders  are  also  eaten  by  ladybirds.  In  the  labora- 
tory Har.  axyridis  and  C.  septempunctata  consumed 
larvae  of  the  dipteran  cecidomyiid  Contarinia  nasturtii. 
Har.  axyridis  showed  higher  voracity  than  C.  septem- 
punctata and  did  not  prefer  Myzus  persicae  over  larvae 
of  C.  nasturtii,  but  not  on  infested  broccoli  plants 
(Corlay  et  al.  2007). 

Coleomegilla  maculata  fed  on  larvae  of  the  chrys- 
omelids  Xanthogaleruca  luteola  (Weber  & Holman 
1976)  and  Galerucella  nymphaeae  (Schlacher  & Cronin 
2007).  In  spite  of  the  reports  of  Col.  maculata  feed- 
ing on  the  eggs  of  Leptinotarsa  decemlineata  (5. 2. 4.1), 
these  are  not  essential  food  for  some  ladybirds:  larvae 
of  four  coccinellid  species  were  not  able  to  complete 
larval  development  on  a diet  solely  of  eggs  of  this 
chrysomelid  (Snyder  & Clevenger  2004).  Cleobora 
mellyi  and  Har.  conformis  adults,  however,  mated  and 
oviposited  when  supplied  with  eggs  of  another  chrys- 
omelid, Chrysophtharta  himaculata  (Elliott  & de  Little 
1980). 

A series  of  studies  on  the  curculionid  Hypera  postica, 
that  is  only  an  alternative  prey  for  ladybirds  in  alfalfa 
fields,  opens  a new  horizon  in  the  field  of  coccinellid 
diets,  stressing  the  importance  of  complementary  food 


Food  relationships  171 


1 3 5 7 9 11  13  15  17  19  21  23  25 

Day  of  experiment 

Figure  5.14  Effect  of  25  days  initial  feeding  by  Harmonia  axyridis  females,  on  alternative  foods  {Hypem  postica  larvae,  sugar 
water)  versus  aphids,  on  egg  laying  when  pea  aphids  were  provided  {n  = 6-8),  the  bars  represent  SE  (from  Evans  & Gunther 
2005). 


(5.2.5).  H.  postica  larvae  feed  on  alfalfa  together  with 
aphids.  In  the  laboratory  only  5%  of  fourth  instar  C. 
septempimctata  developed  to  adult  when  provided  with 
live  H.  postica  larvae.  The  proportion  of  successful 
development  increased  to  70%  if  the  ladybirds  received 
dead  larvae.  Observations  revealed  that  C.  septempunc- 
tata  larvae  were  often  deterred  by  the  defensive  wrig- 
gling of  live  H.  postica  larvae  (Kalaskar  & Evans  2001). 
Other  predator-prey  relations  may  quite  often  be 
affected  by  similar  behavioural  obstacles.  Ladybirds  are 
probably  successful  in  preying  on  H.  postica  larvae 
when  the  latter  moult. 

The  importance  of  alternative  prey  can  be  best 
assessed  when  it  is  an  addition  to  a low  amount  of 
essential  prey.  The  very  low  oviposition  rate  of  C.  sep- 
tempunctata  females  with  a limited  supply  of  aphids  is 
increased  by  addition  of  alfalfa  weevil  (H.  postica) 
larvae,  although  this  prey  alone  does  not  facilitate  C. 
septempimctata  egg  laying.  Consumption  of  coleop- 
teran  larvae  apparently  serves  for  self-maintenance  of 
ladybird  females:  however,  combined  with  essential 
nutrients  from  aphids  it  enables  greater  egg  production 
(Evans  et  al.  2004).  Also  for  the  polyphagous  Hai: 
axyridis,  larvae  of  H.  postica  are  only  alternative  prey, 
as  the  females  lay  no  eggs  on  this  diet  alone  and  larvae 
do  not  develop  successfully  (Kalaskar  & Evans  2001). 


In  the  absence  of  aphids,  this  food  facilitates  survival 
and  bodily  maintenance  of  females,  and  speeds  up  ovi- 
position after  a switch  to  essential  aphid  food  (Evans  & 
Gunther  2005;  Eig.  5.14).  In  alfalfa  fields  in  Utah 
(USA),  different  coccinellid  species  respond  differently 
to  alternative  prey:  the  native  species  Hip.  convergens 
and  Hip.  quinquesignata  quinquesignata  respond  by 
aggregating  only  when  the  essential  prey  Acyrthosi- 
phon  pisum  is  at  high  density.  By  contrast,  the  invasive 
species  C.  septempimctata  also  aggregates  in  response 
to  high  abundances  of  the  alternative  prey,  H. 
postica  larvae  (Evans  & Toler  2007:  Fig.  5.15).  The 
authors  assume  that  this  numerical  response  of  C.  sep- 
tempimctata may  partly  account  for  the  displacement 
of  native  ladybirds  from  alfalfa  when  aphid  numbers 
decline. 

In  an  experiment,  both  C.  septempimctata  adults  and 
third  instars  preferred  preying  on  parasitized  aphids. 
Aphis  fabae  parasitized  by  Lysiphlehus  fahanim  were 
killed  by  adult  ladybirds  3.5  times  more  often  than 
non-parasitized  aphids,  and  by  ladybird  larvae  twice  as 
often  (Meyhofer  & Klug  2002).  Coccinella  undecimpimc- 
tata  showed  no  preference  for  healthy  Myzus  persicae 
over  those  parasitized  by  Aphidius  colemani  (Bilu  & Coll 
2009).  Eourth  instars  of  C.  septempunctata  and  Hip. 
convergens  preyed  upon  fully  formed  mummies  of 
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Figure  5.15  Role  of  alternative  prey  (larvae  of  Hypera  postica)  and  essential  prey  {Acyrthosiphon  pisum)  shown  in  a field 
experiment  where  the  populations  of  both  types  of  prey  on  alfalfa  plots  were  manipulated  to  produce  four  combinations:  Ha 
and  La.  high  and  low  numbers  of  aphids:  Hw  and  Lw,  high  and  low  numbers  of  weevils,  (a)  and  (b)  mean  number  (±  SE)  per 
stem  of  aphids  (columns)  and  weevils  (points  and  lines)  at  the  outset  (24  May)  and  conclusion  of  experiment  (31  May), 
respectively,  (c)  and  (d)  mean  number  (±  SE)  per  m^  of  Coccindla  septempunctata  and  several  native  ladybird  species  on  24  May 
and  31  May,  respectively  (from  Evans  & Toler  2007). 


Schizaphis  graminum,  but  a pure  diet  of  mummies  was 
unsuitable  for  the  complete  development  to  adults.  A 
mixture  of  mummies  and  live  aphids  resulted  in 
delayed  development  and  smaller  adults  (Royer  et  al. 
2008:  Table  5.23). 

Rodolia  cardinalis  avoided  Icerya  purchasi  when  the 
prey  was  parasitized  by  Cryptochaetum  iceryae.  The 
beetles  would  starve  if  only  scales  containing  pupae  of 
this  parasitic  fly  were  available  (Quezada  & de  Bach 
1973).  Delphastus  pusillus,  a predator  of  all  stages  of 
whiteflies,  exhibited  a marked  tendency  to  avoid  fourth 
instar  Bemisia  tabaci  containing  third  instar  and  pupal 
aphelinid  endoparasitoids  (Hoelmer  et  al.  1994). 


Intraguild  (IG)  predation  on  heterospecific 
ladybird  eggs  and  cannibalistic  feeding  on  conspeciflc 
eggs  is  dealt  with  in  5.2.8  and  Chapter  7.  However, 
some  recent  findings  are  also  discussed  here.  Eggs  of 
Col.  maculata,  Hip.  convergens  and  Olla  v-nigrum  as  food 
(and  also  conspeciflc  eggs)  enable  complete  larval 
development  of  Hai:  axyridis.  In  contrast,  the  larvae  of 
the  former  three  species,  native  to  North  America, 
cannot  develop  to  adult  on  eggs  of  Har.  axyridis  (Cot- 
trell 2004,  2007;  Fig,  5.16),  Thus  Har.  axyridis  appears 
to  be  a kind  of  generalist  predator  of  ladybird  eggs,  but 
with  certain  limits:  eggs  of  A.  bipunctata  are  reported 
to  be  quite  toxic  to  Har.  axyridis  (Sato  & Dixon  2004, 
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Table  5.23  Consumption  of  Schizaphis  graminmn  mummies  parasitized  by 
Lysiplilebus  testaceipes  by  larvae  of  Coccinella  septernpunctata  and  Hippodamia 
convergens  in  a 24-hour  no-choice  test  (after  Royer  et  al.  2008). 


Mummies  consumed  (n) 

Mummies 

Coccinella 

Hippodamia 

Stage 

provided  (n) 

septernpunctata 

convergens 

1st  instars  (n  = 5) 

10 

0 

0 

2nd  instars  (n  = 5) 

20 

19* 

17* 

3rd  instars  {n  = 5) 

80 

80 

80 

4th  instars  (n  = 5) 

150 

150 

150 

Adults  (n  = 5) 

150 

150 

150 

‘Feeding  was  attempted  but  mummies  were  only  partially  <50%  consumed. 


Larvae  reared  on  eggs 

Figure  5.16  Mortality  of  larvae  of  Coleornegilla  maculata, 
Olla  v-nignim  or  Hnnnonin  axyridis  reared  from  the  first 
instar  only  on  eggs  of  Coleontegilla  maculata.  Olla  v-nigrwn  or 
Hannonia  axyridis.  Means  separated  by  Tukey’s  HSD  test  and 
significant  differences  (P  < 0.05)  within  groups  of  bars  are 
indicated  by  different  letters  above  individual  bars  (modified 
from  Cottrell  2004). 


but  see  Ware  et  al.  2009,  also  Sloggett  et  al.  2009a, 
Sloggett  & Davis  2010).  The  latter  study  investigates 
the  metabolic  pathways  of  coccinellid  alkaloids  in  the 
predator.  The  eggs  of  other  species  serve  as  suitable 
food  also  mutually  for  Col.  maculata.  Hip.  convergens  and 
0.  v-nigrwn.  but  not  for  Cycloneda  munda  (Cottrell 
2007).  The  eggs  of  Har.  axyridis  were  found  harmful 
also  for  A.  hipunctata  in  an  experiment  with  mixed  diets 
(Ware  et  al.  2009:  Table  5.24). 

In  two  species,  Har.  axyridis  and  A.  hipunctata.  laying 
single  trophic  eggs,  which  were  eaten  by  the 


Table  5.24  Suitability  of  different  diets  for  growth  and 
development  in  Hannonia  axyridis  and  Adalia  hipunctata 
(after  Ware  et  al.  2009). 


Harmonia 

Adalia 

Parameter 

axyridis 

hipunctata 

Survival  to 

(A  = C = D)  > B 

(A  = C)  > (B  = D) 

adulthood 

Larval 

A > C > D > B 

A > C > (B  = D) 

development 

time 

Maximum 

A > (C  = D)  > B 

A > (C  = B)  > D 

pronotal 

width 

A,  unlimited  aphids;  B,  limited  aphids;  C,  limited  aphids 
plus  conspecific  eggs;  D,  limited  aphids  plus  non- 
conspecific  eggs.  In  this  table  ‘>’  indicates  a more  suit- 
able diet  and  =’  indicates  two  diets  are  of  equal  suitability. 
Suitability  hierarchies  are  worked  out  on  the  basis  of  the 
significance  of  differences  observed  between  diets. 


female  immediately  after  oviposition,  was  reported 
in  the  absence  of  aphid  prey  (Santi  & Main!  2007; 
5.2. 8.1).  The  laying  of  infertile  eggs  for  the  nutri- 
tion of  sibling  neonate  larvae  in  the  same  clutch 
represents  another  adaptation,  as  they  do  not  serve  as 
food  for  the  females  (Perry  & Roitberg  2005,  2006; 
5.2. 8.1). 

For  some  insect  females,  the  spermatophore  is 
an  important  source  of  proteins.  Thus  the  idea  that 
this  might  also  apply  in  ladybirds  is  quite  plausible, 
because  the  females  have  been  observed  to  eat 
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Table  5.25  Results  of  rearing  aphidophagous  coccinellids  on  drone  honeybee  powder*  (Niijima  et  al.  1986). 


Species 

Larval  development 

Adult  longevity 

Fecundity 

Generations  reared 

Adalia  hipunctata 

+ 

+ 

- 

- 

Anatis  halonis 

+ 

++ 

± 

- 

Calvia  muiri 

++ 

++ 

+ 

11 

Coccinula  crotchi 

++ 

++ 

+ 

3 

Coccinella  explanata 

+ 

++ 

+ 

2 

C.  septemp.  brucki 

+ 

++ 

+ 

4 

Coelophora  biplagiata 

++ 

++ 

++ 

2 

Harmonia  axyridis 

++ 

++ 

++ 

16 

H.  yedoensis 

++ 

++ 

++ 

8 

Hippodamia  convergens 

+ 

+ 

- 

- 

H.  tredecimpunctata 

++ 

+ 

+ 

2 

Menochilus  sexmaculatus 

++ 

++ 

++ 

25 

Propyiea  japonica 

++ 

++ 

++ 

6 

Scymnus  hilaris 

- 

++ 

- 

- 

S.  otohime 

- 

+ 

- 

- 

*++,  good;  +,  fair;  ±,  occasionally  successful;  unsuccessful. 


spermatophores  after  copulation  (Obata  & Hidaka 
1987).  Omkar  & Mishra  (2005)  assumed  that  C.  sep- 
tempunctata  compensate  costs  for  multiple  mating 
by  feeding  on  spermatophores.  This  assumption  has 
recently  been  rejected  by  Perry  & Rowe  (2008).  Neither 
spermatophore  consumption,  nor  multiple  matings 
(three  and  five  times)  influenced  female  longevity. 

A powder  from  lyophilized  larvae  of  drone  honey 
bees  proved  a satisfactory  substitute  food  for  sev- 
eral aphidophagous  coccinellid  species.  At  first  Hm: 
axyridis  was  reared  on  non-modified  larvae  or  pupae 
of  males  from  Apis  mellifera  (Okada  1970).  ‘Drone 
powder’  was  used  successfully  with  Hai:  axyridis  (and 
Hai:  yedoensis),  and  later  tried  on  other  aphidophagous 
and  coccidophagous  coccinellids.  The  achievements 
of  Okada’s  team  were  reviewed  {Niijima  et  al. 
1986)  and  the  suitability  of  the  drone  powder  for  15 
coccinellid  species  compared  (Table  5.25).  For  two 
oligophagous  species  of  the  genus  Coccinella  the  drone 
powder  was  less  suitable.  Adalia  hipunctata  and  Hip. 
convergens  did  not  oviposit  at  all.  A similarly  negative 
result  was  received  with  another  oligophagous  species 
Cer.  undecimnotata  (Ferran  et  al.  1981). 

Great  stability  is  an  advantage  of  the  drone  powder. 
It  keeps  its  original  quality  at  +5°C  for  several  months 
and  even  at  room  temperature  its  nutritional  value  is 
the  same  after  3 months  (Niijima  et  al.  1986).  Drone 
powder  appeared  to  be  of  about  the  same  suitability  as 
lyophilized  aphids  for  Hai:  axyridis,  but  for  the  weight 


of  the  emerged  adults  it  was  much  better  than  the 
powdered  Acyrthosiphon  pisum.  Diets  developed  for 
Chilocorus  spp.  were  also  based  on  honey-bee  brood. 
The  most  satisfactory  diets  contained  royal  jelly  and 
other  supplements  (Hattingh  & Samways  1993). 


5. 2. 7. 2 Non-aphid  hemipterans 

These  have  also  been  reported  as  coccinellid  prey. 
Among  1 3 natural  enemies  species,  Har.  axyridis  and 
P.  japonica  were  predators  of  the  aleyrodid  Bemisia 
tabaci  in  cotton  fields  of  northern  China  in  2003 
through  2005  (Lin  et  al,  2008),  In  the  laboratory,  C, 
septempunctata  adults  preferred  Thrips  tabaci  over  the 
aleyrodid  Trialeurodes  vaporariorum  on  tomato.  The 
aphid  Macrosiphuin  euphorbiae  was,  however,  preferred 
over  both  non-aphid  prey  (Deligeorgidis  et  al,  2005), 
Psyllids,  which  are  also  near  relatives  of  aphids,  both 
being  Sternorrhyncha,  unsurprisingly  can  be  essential 
prey  for  ladybirds  that  are  not  specialists  on  psyllids. 
The  invasive  Asian  citrus  psyllid  Diaphorina  citri  was 
found  to  be  essential  prey  for  four  coccinellid  species 
(Olla  v-nigrum,  Exochomus  childreni,  Curinus  coeruleus 
and Hfli:  axyridis):  however,  Cyclonedasangiiinea  females 
ceased  egg  laying  after  the  second  day  on  this  prey.  The 
performance  of  C,  sanguinea  larvae  on  D,  citri  was 
much  lower  than  the  other  four  coccinellid  species 
(Michaud  & Olsen  2004), 
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Adelgids.  the  nearest  relatives  of  aphids,  have  not 
often  been  studied  as  coccinellid  prey,  but  Har.  axyridis 
was  reported  to  be  the  most  abundant  predator  (81%) 
of  the  hemlock  woolly  adelgid  (Adelges  tsiigae)  on  two 
Tsuga  species.  Har.  axyridis  was  moderately  well 
synchronized  with  the  adelgid  life  cycle:  this  may 
indicate  that  A.  tsugae  could  be  a suitable  prey  for  this 
coccinellid  (Wallace  & Hain  2000),  but  it  was  reported 
that  the  larvae  do  not  always  complete  development 
on  this  adelgid  (Butin  et  al.  2004).  Prey  other  than 
Hemiptera  have  also  been  recently  reviewed  by  Evans 
(2009). 

5.2.8  Cannibalism 

As  predators,  ladybirds  at  times  engage  in  cannibalism. 
Eggs,  pupae  and  especially  newly  moulted  individuals 
may  serve  as  intraspecilic  prey.  Cannibalism  com- 
plicates mass  production  of  ladybirds  as  biological 
control  agents,  ft  requires  either  isolation  of  vulnerable 
individuals,  or  the  creation  of  sufficient  physical 
complexity  in  rearing  to  reduce  encounters  between 
hungry,  active  individuals  and  vulnerable,  inactive 
conspecifics  (e.g.  Shands  et  al.  (1970)  filled  rearing 
cages  with  wood  shavings).  Cannibalism  by  ladybirds 
also  often  occurs  in  natural  settings,  raising  questions 
about  the  adaptive  significance  and  population  conse- 
quences (Cushing  1992, Martini etal.  2009).  Potential 
costs  include  risk  of  injury  in  attacking  conspecifics, 
loss  of  inclusive  fitness  from  consuming  relatives, 
and  transmission  of  disease  from  infected  victims 
(Dixon  2000).  However,  the  widespread  nature  of 
cannibalism  among  ladybirds  suggests  that  there 
may  often  also  be  considerable  benefits  (Osawa  1992c). 
Two  distinct  kinds  of  cannibalism  occur  (Pox  1975). 
In  sibling  cannibalism,  newly  hatched  first  instars 
eat  unhatched  eggs  in  the  same  egg  cluster.  In  non- 
sibling cannibalism,  unrelated  individuals  (as  larvae 
or  adults)  cannibalize  eggs,  larvae,  pupae,  or  newly 
emerged  adults.  Aphidophagous  species  of  ladybirds 
appear  especially  prone  to  cannibalism:  coccidopha- 
gous  coccinellids  may  encounter  each  other  less 
frequently  and  be  less  aggressive.  Also  they  are  more 
likely  to  complete  development  before  populations  of 
their  prey  collapse  (Dixon  2000). 

Mills  (1982b)  and  Osawa  (1989,  1993,  2002)  drew 
attention  to  egg  cannibalism  in  natural  populations, 
by  determining  the  relative  frequency  of  sibling  and 
non-sibling  cannibalism  over  the  growing  season. 


Sibling  egg  cannibalism  may  be  much  less  frequent 
than  non-sibling  cannibalism  of  eggs  (e.g.  Mills 
1982b),  and  it  appears  to  occur  without  any  influence 
of  the  availability  of  prey  or  the  seasonal  timing  of 
oviposition  (Osawa  1989).  In  contrast,  the  incidence 
of  non-sibling  cannibalism  of  eggs  has  been  observed 
to  increase  over  the  growing  season  in  studies  of  Har 
axyridis  on  a peach  tree  (Osawa  1989)  and  artichoke 
(Osawa  1992a).  (For  feeding  on  heterospecific  coc- 
cinellid eggs  see  5.2. 7.1  and  Chapter  7.) 

5.2.8. 1 Sibling  egg  cannibalism 

Often  hatching  asynchronously,  young  ladybird  larvae 
remain  at  the  egg  cluster  for  approximately  8-36 
hours  before  searching  for  food  (e.g.  Banks  1956, 
Dixon  1959,  Brown  1972,  Nakamura  et  al.  2006). 
Although  early  hatching  larvae  do  not  attack  each 
other  on  the  egg  cluster  (Brown  1972,  Hodek  1996), 
they  cannibalize  late  hatching  and  infertile  eggs  before 
dispersing  (e.g.  Kawai  1978,  Osawa  1992c).  In  the 
laboratory,  most  (50-60%)  eggs  of  Cycloneda  sanguinea, 
Har  axyridis  and  Olla  v-nigrum,  hatched  within  10 
minutes.  Of  the  remaining  eggs,  some  hatched  later 
but  most  were  cannibalized  (Michaud  & Grant  2004: 
Eig.  5.17).  Larvae  remained  at  clusters  until  all 
unhatched  eggs  had  been  consumed  and  dispersal  of 


Cycloneda  Harmonia  Olla 

sanguinea  axyridis  v-nigrum 


Figure  5.17  Percentages  of  fertile  eggs  of  three  coccinellid 
species  that  hatched  synchronously  (within  10  minutes  of 
first  hatch),  late  (>10  minutes  after  first  hatch)  or  were 
cannibalized  by  siblings.  Bars  bearing  the  same  letter  were 
not  significantly  different  among  species  within  a category 
(test  of  proportions,  P > 0.05)  (from  Michaud  & Grant 
2004). 
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larvae  was  delayed  by  several  hours  (see  also  Kawai 
1978,  Nakamura  et  al.  2006). 

Sibling  egg  cannibalism  by  ladybirds  may  have  con- 
siderable adaptive  significance.  Dispersing  first  instars 
risk  starvation  before  finding  and  overcoming  their 
first  prey  (Banks  1954,  Dixon  1959,  Kawai  1976, 
Wratten  1976).  Initial  consumption  of  sibling  eggs 
may  supply  critical  energy  and  nutrients,  speeding 
development  and  increasing  survival  (Banks  1954, 
1956,  Kawai  1978,  Roy  et  al.  2007).  Osawa  (1992c) 
recorded  increasing  larval  survival  to  the  second  instar 
in  Har.  axyridis  on  citrus  trees,  at  both  low  and  high 
aphid  density,  due  to  having  fed  on  up  to  three  sibling 
eggs. 

The  two  sexes  may  differ  in  how  much  they  gain 
from  sibling  egg  cannibalism.  In  a laboratory  experi- 
ment, Osawa  (2002)  found  that  sibling  consumption 
of  a single  egg  (with  aphid  consumption  thereafter) 
especially  benefited  males  of  Har.  axyridis.  Sibling  egg 
cannibalism  promoted  both  larger  body  size  and  weight 
(an  advantage  for  mating  success)  and  faster  develop- 
ment time.  Omkar  et  al.  (2007)  reported  similar  results 
for  P.  dissecta  and  C.  leonina  transversalis.  Michaud  and 
Grant  (2004).  however,  reasoned  that  females  are 
more  resource-sensitive  than  males,  and  therefore 
would  benefit  most  from  sibling  egg  cannibalism.  In 
support,  they  found  that  females  of  Har  axyridis  and  0. 
v-nigrum  (but  not  of  C.  sanguima)  weighed  more  as 
adults,  after  engaging  in  sibling  egg  cannibalism  and 
maturing  on  frozen  eggs  of  Ephestia  kuelmiella.  These 
authors  noted  that  eggs  of  E.  kuelmiella  were  superior 
to  Aphis  spiraecola  used  by  Osawa  (2002).  Thus,  either 
males  or  females  may  benefit  most  from  sibling  egg 
cannibalism,  depending  on  whether  the  diet  subse- 
quently is  of  low  or  high  quality. 

Sibling  cannibalism  may  benefit  females  most  when 
eggs  are  infected  by  bacteria  that  kill  male  embryos 
(Hurst  & Majerus  1993,  Majerus  & Hurst  1997,  Naka- 
mura et  al.  2006).  Male-killing  bacteria  (including 
Rickettsia,  Wolbachia,  Spiroplasma,  Elavohacterium,  and 
gamma-proteobacteria)  attack  many  species  of  lady- 
birds (Majerus  2006;  Chapter  8).  Because  vertical 
transmission  occurs  only  via  egg  cytoplasm,  bacterial 
fitness  is  enhanced  by  killing  males.  Female-biased 
cannibalism  (better  termed  scavenging)  of  male  eggs 
killed  by  bacteria  can  further  strengthen  a strongly 
female-skewed,  population  sex  ratio  (e.g.  Nomura  & 
Niijima  1997).  Nakamura  et  al.  (2006),  for  example, 
report  that  the  per  capita  consumption  (sibling 


cannibalism)  of  unhatched  eggs  by  female  first  instars 
of  Har  axyridis  was  increased  4-14  times  in  egg  clus- 
ters of  a Japanese  population  highly  infected  with 
Spiroplasma.  Cannibalism  itself  did  not  result  in  hori- 
zontal transmission  of  male-killing  bacteria  when 
uninfected  larvae  (fourth  instar)  of  Menochihis  sex- 
maculatus  fed  on  infected  conspecific  eggs  (or  larvae 
and  pupae)  (Nomura  & Niijima  1997). 

Osawa  (1992c)  focussed  on  the  critical  issue  of  sur- 
vival of  first  instars  to  moulting,  and  considered  the 
inclusive  fitness  of  three  potential  beneficiaries  of 
sibling  egg  cannibalism:  the  cannibal,  the  victim,  and 
the  mother  of  the  victim.  Inclusive  fitnesses  were  deter- 
mined for  cases  in  which  the  cannibal  (Har.  axyridis) 
consumed  up  to  three  sibling  eggs.  Survival  to  the 
second  instar  was  measured  in  field  releases  of  first 
instars  on  citrus  trees  with  low  or  high  densities  of 
aphids  (Aphis  spiraecola).  Osawa  concluded  that  full 
sibling  cannibalism  may  be  adaptive  for  both  cannibal 
and  victim  when  aphid  density  is  low,  but  not  for  the 
victim  and  only  sometimes  for  the  cannibal  when  prey 
density  is  high.  The  inclusive  fitness  of  the  mother  did 
not  vary  with  the  degree  of  sibling  cannibalism  of  her 
eggs  when  aphid  density  was  low,  but  decreased  with 
increasing  cannibalism  when  prey  density  was  high. 
Thus  it  appears  that  the  evolution  of  sibling  egg  can- 
nibalism is  driven  especially  by  the  fitness  gains  of  both 
cannibals  and  victims  when  prey  (other  than  the 
victims)  are  scarce.  This  condition  of  prey  scarcity  may 
often  hold  for  aphidophagous  ladybirds  that  lay  their 
eggs  when  aphids  are  abundant,  with  subsequent 
decline  in  aphid  numbers  as  the  larvae  develop  (e.g. 
Hemptinne  et  al.  1992). 

Osawa  (2003)  further  investigated  the  possibility  of 
the  mother  influencing  sibling  egg  cannibalism  and 
concluded  that  the  female  may  have  little  ability  to 
manage  sibling  egg  cannibalism  in  an  adaptive  fashion. 
Perry  and  Roitberg  (2005)  also  explored  whether 
female  as  well  as  offspring  fitness  may  be  promoted  by 
laying  infertile  or  late-hatching  eggs.  These  authors 
placed  reproductively  active  females  of  Har  axyridis  in 
alternating  low  and  high  resource  (prey)  environments 
for  24  hours.  Females  laid  56%  more  infertile  eggs  in 
the  low  resource  environment  (Perry  & Roitberg  2005; 
Fig.  5.18).  The  authors  concluded  that  this  was  not  a 
simple,  direct  result  of  resource  limitation;  the  females 
were  in  good  condition  when  introduced  to  low  prey 
conditions,  and  were  well  able  to  tolerate  such  low  food 
conditions  for  the  following  24  hours.  Instead,  females 
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Figure  5.18  Proportion  of  trophic  eggs  produced  when 
females  of  Harmonia  axyridis  were  given  information  that 
there  was  low  or  high  food  availability  through:  (a)  the 
internal  cue  of  prey  encounter  and  consumption  or  (b)  the 
external  cue  of  prey  scent.  Horizontal  lines  represent  means, 
and  whiskers  indicate  the  range  of  observations.  The 
proportion  of  trophic  eggs  was  smaller  under  the  low  food 
treatment  in  the  internal  cue  but  not  the  external  cue 
experiment  (from  Perry  & Roitberg  2005). 


may  have  withheld  sperm  to  produce  infertile  eggs  as 
an  adaptive,  maternal  strategy  to  provide  eggs  as  food 
for  offspring  when  resource  conditions  were  poor 
(Alexander  1974). 

The  conclusions  of  Osawa  (1992c,  2003)  and  Perry 
and  Roitberg  (2005)  differ  strikingly  as  to  whether 
(and  how)  sibling  egg  cannibalism  may  be  controlled, 
at  least  in  part,  as  an  adaptive  strategy  of  the  oviposit- 
ing female  (see  also  Osawa  & Ohashi  2008).  Another 
means  of  adaptive  manipulation  of  sibling  egg  canni- 
balism was  suggested  by  Michaud  and  Grant  (2004), 
who  found  that  eggs  laid  singly  were  less  likely  to  be 
cannibalized  by  siblings  than  were  eggs  laid  near  each 
other.  Roy  et  al.  (2007)  investigated  whether  hatching 


asynchrony  (and  therefore  potential  for  sibling  egg 
cannibalism)  varied  with  dispersion  pattern  amongst 
eggs  of  A.  hipunctata  laid  together,  but  found  no 
difference  between  eggs  laid  linearly  or  as  a cluster. 

Trophic  egg  laying  is  another  form  of  egg 
consumption  by  kin  that  is  clearer  in  its  benefits  for 
ovipositing  females.  Thus  Santi  and  Maini  (2007) 
reported  that  when  prey  became  scarce,  starving  (yet 
still  gravid)  females  of  Har.  axyridis  and  A.  hipunctata 
(but  interestingly,  not  of  P.  quatuordecimpunctata  and 
Hip.  variegata)  laid  a single,  inviable  egg  which  they 
immediately  consumed.  If  the  experimenter  removed 
the  eggs,  the  female  searched  the  local  area  intensively 
(seemingly  searching  for  the  egg).  Laying  of  trophic 
eggs  was  repeated  only  when  the  egg  was  removed. 
When  given  prey,  the  same  females  laid  eggs  that 
hatched  (60-70%). 


5. 2. 8. 2 Non-sibling  egg  cannibalism 

Consumption  of  eggs 

Dispersed  ladybird  larvae  and  adults  often  eat  conspe- 
cific  (and  sometimes  heterospecific)  eggs,  larvae  and 
pupae  (e.g.  Wright  & Laing  1982,  Takahashi  1989, 
Yasuda  & Shinya  1997).  Eggs  are  highly  vulnerable 
(5. 4. 1.3)  when  laid  near  or  in  aphid  colonies;  clusters 
of  eggs  are  encountered  frequently  by  foraging  larvae 
and  adults  (e.g.  Banks  1955,  Osawa  1989).  Species- 
specific  oviposition  site  preferences  can  result  in 
enhanced  cannibalism  over  intraguild  predation  (e.g. 
Schellhorn  & Andow  1999a).  Mills  (1982b)  recorded 
cannibalism  of  A.  hipunctata  eggs  on  lime  trees  infested 
with  Eucallipterus  tiliae:  adults  (22%),  first  (19%), 
second  (33%),  and  third  instars  (26%).  Cannibalism 
was  density  dependent.  The  threat  of  egg  cannibalism 
may  underlie  the  tendency  of  aphidophagous  ladybirds 
to  oviposit  at  some  distance  from,  rather  than  in  an 
aphid  colony  (Osawa  1989,  1992b,  5. 4. 1.3).  Dixon 
(2000)  notes  that  eggs  of  aphidophagous  ladybirds 
mature  and  hatch  relatively  quickly:  he  suggests 
that  this  too  may  reflect  selection  as  imposed  by 
cannibalism. 

Non-sibling  cannibalism  may  occur  most  when  food 
is  scarce  (e.g.  Takahashi  1989)  and  may  be  rare  under 
less  stressful  conditions  (e.g.  Triltsch  1997).  This  has 
been  confirmed  in  the  laboratory  (Agarwala  & Dixon 
1992,  Cottrell  2005).  In  the  field,  egg  cannibalism  by 
Col.  maculata  (which  is  able  to  develop  and  reproduce 
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on  maize  pollen  alone;  5.2.9)  occurred  less  frequently 
during  anthesis  in  control  plots  (with  abundant  pollen) 
than  in  experimental  plots  of  detassled  maize,  i.e. 
without  pollen  (Cottrell  & Yeargan  1998).  Similarly 
among  field  populations  of  Col.  maculata,  A.  hipunctata 
and  Hip.  convergens  foraging  on  maize,  Schellhorn  & 
Andow  (1999b)  found  that  larval  and  pupal  cannibal- 
ism occurred  only  when  formerly  abundant  aphids 
disappeared.  This  study  illustrates  well  why  cannibal- 
ism is  considered  a ‘life-boat  strategy’  (e.g.  Cushing 
1992). 

Non-sibling  cannibalism  may  be  adaptive,  both  in 
providing  critical  energy  and  nutrients  to  the  cannibal 
(especially  when  other  food  is  scarce),  and  in  eliminat- 
ing a cannibal's  potential  competitors  (Fox  1975, 
Polis  1981,  Agarwala  & Dixon  1992).  Larvae  of  the 
coccidophagous  ladybird  Exochomus  flavipes  generally 
developed  faster  when  fed  on  conspecific  eggs  than 
when  fed  on  their  usual  prey,  Dactylopius  opuntiae 
(Geyer  1947),  Similarly,  Col.  maculata  larvae  gained 
more  weight  by  preying  on  conspecific  eggs  than  on 
aphids  (Gagne  et  al.  2002).  Agarwala  and  Dixon 
(1992)  found  that  conspecific  eggs  of  A.  hipunctata 
were  superior  to  aphids  as  food  for  fourth  instars;  con- 
sumption of  a greater  biomass  of  aphids  was  required 
to  support  a given  rate  of  growth.  Furthermore,  the 
first  instars  preferred  conspecific  eggs  over  aphids,  and 
preferred  aphids  painted  with  egg  extract  over  eggs 
painted  with  aphid  extract.  First  instars  were  appar- 
ently attracted  to  eggs  by  chemical  cues.  Omkar  et  al. 
(2006b)  obtained  similar  results  when  C.  tranversalis, 
P.  dissecta,  and  Coelophora  saucia  were  presented  with 
conspecific  eggs  and  the  essential  prey.  Aphis  gossypii. 

In  some  earlier  reports  conspecific  eggs  or  other 
insect  eggs  were  found  inferior  to  aphids  as  food  for 
coccinellid  larvae.  Larvae  of  C.  septempunctata  devel- 
oped more  slowly  and  attained  smaller  sizes  on  an 
exclusive  diet  of  eggs  than  on  aphids  (Koide  1962),  and 
even  the  first  and  second  instars  of  C.  septempunctata 
brucki  moulted  only  to  the  next  stage  (Takahashi 
1987),  Larvae  of  Col.  maculata  took  longer  to  develop 
when  reared  on  conspecific  eggs  than  on  eggs  of  the 
fall  webworm,  Hyphantria  cunea  (Warren  & Tadic 
1967), 

Egg  cannibalism  appears  more  common  than 
intraguild  egg  predation  in  part  because  chemical 
defenses  deter  other  ladybird  species  from  attacking 
eggs  (e,g.  Agarwala  & Dixon  1992,  Hemptinne  et  al. 
2000a,  b).  For  example,  adults  of  Menochilus  sexmacu- 
latus  and  C.  leonina  transversalis  ate  conspecific  eggs 


much  more  readily  than  each  other’s  eggs  (Agarwala 
et  al.  1998).  Similarly,  fourth  instar  and  adult  Har. 
axyridis  consumed  conspecific  eggs  more  than  eggs  of 
A.  hipunctata.  Such  feeding  behaviour  with  a clear  ten- 
dency towards  cannibalism  (i.e.  stronger  intraspecific 
than  interspecific  effect),  may  ultimately  limit  the 
adverse  effects  on  the  native  species  (A.  hipunctata) 
of  this  exotic  intraguild  top  predator  (Burgio  et  al. 
2002). 

Consumption  of  larvae 

The  expression  of  cannibalistic  larval  behaviour 
towards  other  larvae,  as  influenced  by  prey  availability, 
varies  among  genetic  lines  of  Har.  axyridis  (Wagner 
et  al.  1999)  and  also  among  species  (e.g.  Yasuda  et  al. 
2001,  Pervezet  al.  2006).  Pervezet  al.  (2006)  reported 
stronger  cannibalistic  behaviour  of  larvae  of  P.  dissecta 
than  of  C.  leonina  transversalis.  The  importance  of  any 
size  disparity  between  attacking  and  attacked  larvae 
was  illustrated  by  Yasuda  et  al.  (2001),  who  found 
that  C.  septempunctata  brucki  and  Har.  axyridis  larvae 
generally  escaped  when  attacked  by  conspecifics  of  the 
same  age,  but  did  so  less  frequently  when  attacked  by 
an  older  larva.  Omkar  et  al.  (2006a)  found  similar 
results  for  escapes  of  C.  leonina  transversalis  larvae  from 
would-be  cannibals,  but  interestingly  also  found  that 
P.  dissecta  larvae  generally  escaped  more  often  when 
attacked  by  older  conspecific  larvae  than  by  larvae  of 
the  same  age.  Such  studies  on  insects  confined  in 
limited  space  prevent  emigration  in  response  to  declin- 
ing prey  density,  a response  that  may  be  important  in 
natural  populations  (Schellhorn  & Andow  1999b,  Sato 
et  al.  2003).  Osawa  (1992a),  for  example,  found  that 
pupae  of  Har.  axyridis  fell  victim  to  cannibalism  less 
frequently  when  they  pupated  away  from,  rather  than 
near  an  aphid  colony. 

Conspecific  larvae  often,  but  not  always,  may  be 
relatively  unsuitable  (yet  marginally  adequate)  for 
each  other  as  food,  Yasuda  and  Ohnuma  (1999)  found 
that  fourth  instar  C.  septempunctata  gained  signifi- 
cantly less  weight  on  a diet  of  conspecific  immobilized 
(i.e,  the  legs  amputated)  fourth  instars  than  on  Aphis 
gossypii.  In  contrast,  fourth  instars  of  the  more 
polyphagous  Har.  axyridis  (which  were  toxic  as  prey  for 
C.  septempunctata)  developed  just  as  well  on  a diet  of 
conspecific  fourth  instars  (or  those  of  C.  septempunc- 
tata) as  on  a diet  of  aphids.  Interestingly,  a diet  of  dead, 
conspecific  larvae  alone  (i.e,without  aphids  in  the  diet) 
was  unsuitable  over  the  long  term  for  Har.  axyridis 
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reared  from  hatching  (Snyder  et  al.  2000).  Survi- 
vorship and  weight  as  adults  were  reduced  and 
development  time  increased,  when  larvae  of  Cycloneda 
sanguinea,  011a  v-nigrum  and  Hai:  axyridis  were  reared 
from  hatching  on  a diet  of  frozen  conspecilic  larvae 
versus  a diet  of  frozen  eggs  of  Ephestia  kuehniella  and 
bee  pollen.  Among  all  three  species,  the  incidence  of 
cannibalism  increased  with  reduced  provision  of  E. 
kuehniella  eggs  and  with  increased  larval  density 
(Michaud  2003).  Pervez  et  al.  (2006)  compared  con- 
specific  eggs  or  first  instar  larvae  with  aphids  (Aphis 
gossypii)  as  diets  for  larval  P.  dissecta  and  C.  leonina 
transversalis.  For  both  species,  survivorship  to  the  pupal 
stage  and  adult  weight  were  reduced  by  feeding  on 
conspecifics,  especially  on  larvae.  Larval  performance 
was  overall  somewhat  better  on  a diet  of  conspecilic 
eggs  than  of  larvae  (both  were  inferior  to  aphid  diet), 
perhaps  because  the  less  developed  eggs  are  easier 
to  digest.  Nomura  and  Niijima  (1997)  also  reported 
that  fourth  instars  of  M.  sexmaculatus  suffered  from 
malnutrition  and  showed  high  mortality  when  reared 
on  conspecilic  first  and  second  instars  and  pupae,  but 
not  when  reared  on  conspecific  eggs. 

Cannibalism  on  conspecific  larvae  is  nonetheless 
important  for  ladybird  development  and  survival,  espe- 
cially under  low  prey  availability  (Schellhorn  & Andow 
1999b,  Wagner  et  al.  1999,  Snyder  et  al,  2000). 
Wagner  et  al.  (1999)  reared  larvae  of  Elai:  axyridis  to 
the  third  instar  under  low  or  high  aphid  diets  (Myzus 
persicae).  When  reared  under  low  aphid  availability, 
those  third  instars  that  cannibalized  a single  first  instar 
developed  significantly  faster  thereafter  than  controls, 
even  though  all  individuals  were  provided  with  aphids 
ad  libitum  from  the  third  instar  onwards.  Thus,  canni- 
balism offset  the  adverse  effects  of  earlier  low  aphid 
availability  on  larval  growth  rate  that  persisted  even 
after  aphids  became  highly  available.  Snyder  et  al. 
(2000)  provided  another  example  of  cannibalism 
counteracting  negative  effects  of  a poor  diet.  Survival 
and  rate  of  development  increased  in  larvae  of  Elar. 
axyridis  feeding  on  aphids  of  relatively  low  nutritional 
quality  (Aphis  fabae  and  Aphis  nerii),  when  the  larvae 
cannibalized  dead  conspecific  larvae  every  other  day. 
The  effect  was  intensified  when  the  cannibalized  larvae 
had  fed  on  high  quality  food  (pupae  of  Apis  mellifera). 

Kin  recognition 

A cost  of  cannibalism  can  lie  in  consuming  kin,  with 
subsequent  reduction  in  inclusive  fitness.  But  in  at  least 


some  cases,  ladybirds  appear  able  to  recognize  and 
avoid  cannibalizing  their  own  kin,  Agarwala  and  Dixon 
(1993)  found  that  females  of  A.  bipunctata,  and  their 
offspring  (second  instars),  consumed  fewer  of  their 
own  eggs  than  eggs  of  other  females  when  confined 
with  equal  numbers  of  both  kinds  of  eggs.  However, 
males  ate  as  many  of  their  own  eggs  as  eggs  sired  by 
other  males  (perhaps  because  males  invest  much  less 
energy  in  eggs  and  cannot  safely  distinguish  them). 
Joseph  et  al.  (1999)  found  that  third  instar  Har. 
axyridis  placed  together  were  much  less  likely  to  can- 
nibalize siblings  than  unrelated  individuals.  Michaud 
(2003)  also  found  that  larvae  of  Har.  axyridis,  but  not 
of  Cycloneda  sanguinea  and  011a  v-nigrum,  were  less 
likely  to  cannibalize  sibling  than  non-sibling  larvae. 
Pervez  et  al.  (2005)  reported  the  same  for  third  instars 
of  P.  dissecta  and  C.  leonina  transversalis  but  not 
for  fourth  instars,  perhaps  because  of  their  greater 
voracity. 


Population  consequences 

Cannibalism  has  intriguing  potential  consequences 
for  population  dynamics  (e.g.  Cushing  1992).  Mills 
(1982b)  and  Osawa  (1993)  drew  attention  to  the 
considerable  potential  of  non-sibling  egg  cannibalism 
in  regulating  population  size  in  ladybirds,  perhaps 
often  at  levels  below  those  necessary  for  effective 
biological  control  of  target  pests.  As  a strong  intraspe- 
cific interaction  limiting  population  size,  cannibalism 
furthermore  can  reduce  adverse  interspecific  effects  on 
populations  of  other  ladybird  species,  for  example  by 
top  intraguild  predators  such  as  Har.  axyridis  (e.g. 
Burgio  et  al.  2002). 

Cannibalism  can  limit  population  size  through 
disease  transmission  as  well  as  through  victim 
mortality.  Saito  and  Bjornson  (2006)  reported  100% 
horizontal  transmission  when  first  instars  of  Hip.  con- 
vergens  consumed  conspecific  eggs  that  were  infected 
with  an  unidentified  microsporidian  (as  noted  above, 
however,  Nomura  and  Niijima  (1997)  found  that 
male-killing  bacteria  were  not  transmitted  horizontally 
through  egg  cannibalism). 

Egg  cannibalism  is  also  recorded  in  phytophagous 
ladybirds.  Nakamura  et  al.  (2004)  assume  that  egg 
cannibalism  causes  the  marked  population  cycle  that 
occurs  each  generation  in  a lowland  (but  not  a high- 
land) population  of  Epilachna  vigintioctopunctata  in 
Indonesia. 
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5.2.9  Non-insect  food  (pollen,  nectar, 
spores  of  fungi) 

Among  food  of  plant  origin,  pollen  and  nectar  (both 
from  flowers  and  from  extrafloral  nectaries),  form 
an  important  food  for  even  explicitly  carnivorous 
coccinellids  (see  also  5.2.13,  5.2.14).  This  plant  food 
allows  the  coccinellids  to  survive  with  a reduced 
mortality  when  insect  food  is  scarce  intermittently,  or 
at  the  end  of  the  season,  when  they  accumulate 
reserves  for  diapause  (5.2.5,  Chapter  6). 

Pollinivory  was  recorded  very  early  in  several  coc- 
cinellid  species  (for  refs  see  Hodek  1996  and  Lundgren 
2009).  Pollinivory  was  found  by  dissections  of  the  gut 
of  P.  qiiatuovdecimpiinctata  (Hemptinne  et  al.  1988) 
and  A.  bipunctata  (Hemptinne  & Desprets  1986, 
Hemptinne  & Naisse  1987)  particularly  in  early  spring. 
Polinivory  of  A.  bipunctata  has  recently  been  studied  by 
de  Clercq  and  his  team  (de  Clercq  et  al.  2005,  Jalali 


et  al.  2009a).  Experimental  feeding  with  pollen  showed 
that  for  most  entomophagous  ladybirds,  it  represents 
alternative  food  which  alone  does  not  allow  the  oocytes 
to  mature  but  may  contribute  to  an  earlier  start  of 
oviposition  after  aphids  appear. 

Adults  of  the  introduced  Chilocorus  kuwanae  were 
observed  feeding  on  the  nectar  and  pollen  of  two 
Eitonyrnus  spp.  in  North  Carolina.  The  presence  of  this 
pollen  in  the  gut  of  this  species  was  documented 
through  dissection  (Nalepa  et  al.  1992).  Non-aphid 
food  was  also  documented  in  central  Italy  by  gut  analy- 
sis in  C.  septeinpimctata  adults  after  their  dispersal  from 
matured  crops  (Ricci  et  al.  2005).  The  ladybirds  fed  on 
pollen  of  Asteraceae  and  Apiaceae,  as  well  as  on  fungal 
spores  of  Alternaria  spp.  and  Cladosporium  spp.  (Triltsch 
1999,  Ricci  et  al.  2005:  Fig.  5.19). 

Two  years  analysis  of  gut  contents  of  Cer.  notata 
brought  the  first  details  on  the  diet  of  this  rare  species. 
Both  larvae  and  adults  contained  aphids,  but  in  their 
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Figure  5.19  Number  (±SE)  of  pollen  grains  and  fungal  spores  found  in  the  gut  of  an  individual  adult  of  Coccinella 
septempunctata,  compared  to  the  percentage  of  coccinellid  adults  with  aphids  in  their  gut  (dotted  bars)  on  different  dates  in 
2002  in  central  Italy  (from  Ricci  et  al.  2005). 
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Larvae  2003  (n=60) 
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Figure  5.20  Food  remains  in  the  gut  of  Ceratomegilla  notata  adults  and  larvae  in  the  northern  Italian  Alps  (from  Ricci  & 
Ponti  2005). 


absence  the  ladybirds  consumed  thrlps.  Also  the 
incidence  of  pollen  of  Aplaceae  and  Poaceae,  and 
fungal  spores,  mainly  of  Cladosporium  spp.,  was  very 
high  (Ricci  & Ponti  2005:  Fig.  5.20). 

Feeding  on  pollen  can  enable  reserves  to  be  accu- 
mulated to  provide  for  long-term  starvation  during 
dormancy  (Hagen  1962).  An  increase  of  reserves 
in  the  fat  body,  after  feeding  on  maize  pollen  in  the 
laboratory,  was  recorded  in  adult  C.  septempunctata 
collected  during  migration  to  hibernation  sites 
(Ceryngier  et  al.  2004). 

Pollens  from  different  plants  have  different  composi- 
tions (e.g.  the  pollen  of  Finns  contains  much  less 
protein  than  other  pollens  used  in  the  study)  and  are 
not  equally  adequate  as  food  for  coccinellids  (Smith 
1960,  1961).  Sunflower  pollen  proved  fatal  to  both 
larvae  and  adults  of  Col.  maculata:  it  adhered  to  the 
insect  cuticle  due  to  its  surface  structure  (Michaud 
& Grant  2005).  It  was  reported  that  pollen  expressing 


the  insecticidal  Cry  3Bbl  protein  for  control  of  corn 
root  worm  had  no  measurable  negative  effect  on  the 
development  to  pupation  of  Col.  maculata  larvae  nor  on 
adult  survival  and  reproduction  (Duan  et  al.  2002). 

For  some  coccinellid  species,  pollen  may  represent 
an  essential  food,  and  apparently  the  only  essential 
food,  so  that  they  are  in  fact  phytophagous.  Particu- 
larly the  high-altitude  alpine  coccinellid  species,  such 
as  Coccinella  reitteri  or  Ceratomegilla  barovskii 
kiritschenkoi,  are  adapted  to  feeding  on  pollen,  often 
on  edelweiss  (Leontopodiiim  alpinum),  because  their 
habitats  often  lack  aphids  (Savoiskaya  1970b).  Bulaea 
lichatschovi  is  often  mentioned  as  an  example  of  pol- 
linivory  (e.g.  Savoiskaya  1983),  but  detailed  rearing 
experiments  have  not  yet  been  undertaken  to 
elucidate  the  physiological  value  of  pollen  in  this 
species  (5.2.13). 

More  is  known  about  another  pollen  feeder,  the  poly- 
phagous  Coleomegilla  maculata  (5. 2. 4.1).  It  was 
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found  that  Col.  maculata  may  complete  its  full  develop- 
ment on  pollen  of  a number  of  plants  {Zea  mays,  Betula 
populifolia,  Cannabis  sativa,  Carpinus  cawliniana)  equally 
successfully  as  on  aphids  (Smith  1960).  The  species 
was  reported  to  prefer  pollen  to  aphids  (Ewert  & Chiang 
1966),  with  its  observed  preference  for  the  middle 
strata  of  crop  plants  considered  as  an  indication  of  a 
predominant  feeding  on  pollen.  Preference  for  pollen 
was  also  recorded  in  maize  in  Kentucky  where  preda- 
tion on  Helicoverpa  zea  and  cannibalism  on  conspecific 
eggs  decreased  in  plots  with  abundant  pollen  (Cottrell 
& Yeargan  1998).  Maize  pollen  was  experimentally 
shown  to  be  essential  food  for  Col.  maculata  (Hodek 
et  al.  1978).  When  fed  exclusively  with  maize  pollen 
(Zea  mays),  however,  the  adults  have  a doubled  pre- 
oviposition  period  and  a halved  fecundity,  compared 
with  preying  on  aphids  (Hodek  et  al.  1978:  Fig.  5.21). 
It  thus  appears  that  pollinivory  represents  just  one 
aspect  of  the  wide  polyphagy  of  this  species,  shown 
also  by  its  acarophagy  (5.2.4)  and  feeding  on  the  eggs 
of  Lepidoptera  and  Coleoptera  (5.2.7). 

In  an  Illinois  cornfield,  the  density  of  Col.  maculata 
eggs  increased  during  anthesis  and  it  was  strongly 
correlated  with  the  rate  of  pollen  shed.  Only  a minority 
of  Col.  maculata  larvae  and  adults  preyed  on  aphids, 
although  they  were  also  abundant  during  anthesis. 
In  contrast,  the  majority  of  larvae  and  adults  of  Hai: 
axyridis  preyed  on  aphids.  This  was  also  shown  by  dis- 
section of  guts  of  larvae  and  adults  of  both  species 
(Lundgren  and  Wiedenmann  2004;  Fig.  5.22).  The 
organic  content  of  corn  pollen  was  strongly  corre- 
lated with  the  survival  of  young  adults  of  Col. 


Days 

Figure  5.21  Effect  of  food  (closed  circles,  pollen  of  Zea 
mays-,  open  circles,  Acyrthosiphon  pisum)  on  the  oviposition 
rate  of  Coleomegilla  maculata  lengi  (n  = 20)  (modified  from 
Hodek  et  al.  1978). 


maculata,  suggesting  that  some  critical  micronutrient 
was  present  at  suboptimal  levels  in  some  of  the 
pollen.  The  efficiency  with  which  Col.  maculata  larvae 
convert  pollen  into  biomass  increased  as  the  larvae 
aged.  The  authors  assume  that  there  is  a physiological 
change  in  late  instar  larvae  which  allows  them  to 
produce  more  biomass  from  the  same  amount  of 
pollen.  This  is  not  the  case  with  aphid  prey  (Lundgren 
et  al.  2004). 

Michaud  and  Grant  (2005)  compared  the  nutritive 
value  of  lepidopteran  eggs  with  several  pollens  (maize, 
sorghum,  bee-collected)  for  development  of  Col. 
maculata.  When  water  was  available,  larval  survival 
on  pollen  was  100%,  as  it  was  on  frozen  eggs  of  E. 
kuehniella.  However,  in  a simulated  drought  treatment, 
larval  survival  on  pollen  was  significantly  reduced.  The 
Ephestia  egg  diet  facilitated  a shorter  development  time 
and  resulted  in  heavier  adults.  Thus  not  only  aphids 
(Hodek  et  al.  1978),  but  also  Ephestia  eggs,  are  more 
suitable  for  Col.  maculata  then  pollen  (Michaud  & Grant 
2005).  Also,  for  Har.  axyridis,  bee-collected  pollen  is  a 
less  suitable  food  than  frozen  eggs  of  E.  kuehniella.  A 
diet  of  pollen  alone  allowed  35-48%  larvae  to  reach 
adulthood,  but  the  development  was  31-49%  longer 
and  the  adults  were  37-68%  lighter.  When  provided 
exclusively  with  pollen  both  as  larvae  and  adults,  only 
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Figure  5.22  Percentage  of  Harmonia  axyridis  and 
Coleomegilla  maculata  adults  that  had  pollen  or  prey  in  their 
digestive  tracts.  Only  the  individuals  collected  during 
anthesis  were  used.  Error  bars  represent  SEMs.  and  bars 
with  asterisk  above  are  significantly  different  (£-test, 
a = 0.05)  (from  Lundgren  et  al.  2004). 
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about  40%  of  females  were  able  to  produce  a small 
number  of  viable  eggs  (Berkvens  et  al.  2008). 

Extrafloral  nectaries  were  reported  early  as  a 
source  of  substitution  food  by  Watson  and  Thompson 
(1933)  for  Leis  conforniis  (the  plant  was  Crotalaria 
striata)  and  later,  for  example,  by  Putman  (1955)  for 
Stethorus  pusillus  (on  young  leaves  of  peach  trees),  by 
Ibrahim  (1955b)  for  C.  undecimpimctata  menetriesi 
(nectaries  on  the  midrib  of  cotton  leaves)  and  by 
Anderson  (1982)  for  Apolinus  lividigaster  (glands  on 
the  leaves  of  the  euphorbiacean  Glochidion  fernandii). 
The  importance  of  feeding  on  the  extrafloral  nectaries 
of  cotton  plants  was  documented  by  using  nectariless 
varieties.  The  abundance  of  Hip.  convergens  was  signifi- 
cantly reduced  in  the  nectariless  plots  compared  to 
plots  with  nectaried  cotton  (Schuster  et  al.  1976).  In 
contrast,  predation  of  Har.  axyridis  on  Aphis  spiraecola 
was  reduced  in  the  presence  of  extrafloral  nectar 
(Spellman  et  al.  2006). 

A long-standing  question  concerning  the  food  rela- 
tions of  Tytthaspis  sedecimpunctata  was  solved  by 
Ricci  (1982)  in  a detailed  morpho-ethological  study. 
The  mandibles  of  the  larvae  in  T.  sedecimpunctata  and 
Coccinella  nigrovittata  are  equipped  with  20-22  spine- 
like processes  which  form  a kind  of  comb  or  rake.  This 
structure  enables  the  larvae  to  exploit  their  food 
sources:  pollen  Grom  Loliiim  perenne  and  L.  midtiflo- 
riim,  and  spores  of  Alternaria  sp.  The  larvae  detach 
pollen  and  spores  from  their  support  by  an  upward 
movement  of  the  head  (Ricci  1982;  Fig.  5.23,  5.4.3). 
The  examination  of  adult  gut  contents  after  the 
mowing  of  meadows  showed  the  pollen  from  Poaceae 
(most  common  was  L.  perenne),  which  is  the  preferred 
food,  and  conidia  and  spores  of  fungi  (most  often 
Alternaria  sp,  and  Cladosporium  sp.)  (Fig.  5.24).  Mites 
and  thrips  were  also  present  (Ricci  et  al.  1983). 

The  alternation  in  feeding  on  grains  of  pollen  and 
spores  of  fungi  documented  so  precisely  in  T.  sedecim- 
punctata by  Ricci  (1982,  Ricci  et  al.  1983)  is  probably 
not  exceptional.  Other  records  indicate  the  same  habit 
in  Illeis  galhula  (conidia  and  hyphae  of  Oidium,  pollen 
of  Ligustrum  spp.  and  Acacia  spp.,  Anderson  1982)  and 
in  Rhyzohius  litiira  (aphids,  conidia  of  Oidium,  Alter- 
naria and  Cladosporium,  spores  of  Puccinia,  pollen  of 
Poaceae  and  Mercurialis  annua  (Ricci  1986b).  Larvae 
of  R.  litura  develop  equally  well  on  conidia  of  Oidium 
monilioides  and  on  the  aphid  Rlwpalosiphum  padi 
(5.2.5). 

Hukusima  and  Itoh  (1976)  attempted  to  rear  four 
coccinellid  species  on  pollen  and  powdery  mildew. 


Figure  5.23  The  use  of  the  comb-like  structure  on  the 
mandible  of  Tytthaspis  sedecimpunctata  for  collecting  pollen 
of  Lolimn  perenne  (a)  and  spores  of  Alternaria  sp.  (b)  (from 
Ricci  1982). 


They  failed  with  C.  septempunctata  hrucki  and  Meno- 
chilus  sexmaculatus.  Meagre  success  was  achieved  in  P. 
japonica;  only  7%  of  individuals  reached  the  adult  stage 
on  powdery  mildew,  while  10  and  16%  reached  adult- 
hood on  maize  and  rye  pollen,  respectively.  In  the  noto- 
rious generalist  Har  axyridis,  the  results  were  even 
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Figure  5.24  Number  of  grains  of  pollen  and  conidia  of  fungi  in  the  gut  contents  of  Tijtthaspis  sedecimpunctata  adults  in 
relation  to  flowering  of  Lolium  pmmne  and  Alopecums  pratensis  and  the  hay  harvest.  Unbroken  line,  pollen;  dot  and  dashed 
line,  conidia  of  Cladosporium  sp.;  broken  line,  conidia  of  Alternaria:  open  triangles,  flowering  of  grasses:  closed  triangles,  hay 
harvest  (from  Ricci  et  al,  1983). 


lower,  0,  10  and  7%,  respectively.  The  authors  quoted 
numerous  early  observations  by  Ninomiya  of  C.  s. 
bnwki  feeding  on  powdery  mildew  on  oak. 

It  should  be  noted  that  we  still  have  few  records  of 
the  food  habits  of  Propylea  quatuordecimpunctata  and 
P.  japonica  and  thus  the  polyphagy  of  this  genus  cannot 
be  ruled  out,  although  both  species  are  usually  consid- 
ered to  be  specialized  aphid  feeders  (e.g.  Klausnitzer  & 
Klausnitzer  1986  and  Olszak  1988).  However,  Turian 
(1971)  had  already  added  P.  quatuordecimpunctata  to 
the  list  of  micromycetophagous  coccinellids,  based 
on  three  observations  of  adults  feeding  on  mildews 


(Microsphaera  alphitoides  on  Quercus,  Sphaerotheca  cast- 
agnei  on  Taraxacum).  In  spite  of  the  results  above  by 
Hukusima  and  Itoh  (1976),  pollen  and  mildew  can 
only  be  considered  a good  alternative  diet  for  Propylea 
spp. 

Some  coccinellids  have  been  observed  consuming 
small  amounts  of  leaf  material.  The  behaviour  by  C. 
septempunctata  of  scraping  plant  surfaces  was  consid- 
ered unique  by  Legrand  and  Barbosa  (2003),  but 
observations  on  C.  septempunctata  feeding  in  spring  on 
young  leaves  had  already  been  mentioned  by  Hodek 
(1973).  Feeding  on  leaf  tissue  by  larvae  of  Col. 
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maculata  and  Har.  axyridis  has  been  recently  reported 
(Moser  et  al.  2008,  Moser  & Obrycki  2009). 

Koch  et  al.  (2004)  recorded  that  H.  axyridis  adults 
fed  in  autumn  on  damaged  ripening  frnit,  such  as 
apples,  grapes,  pumpkins  and  raspberries.  Feeding  by 
A.  bipunctata  adults  on  cherries  and  plums  has  also 
been  observed  recently  (I.  Hodek,  unpublished).  Coc- 
cinellids  have  even  occasionally  been  reported  biting 
fairly  strongly  into  human  skin  (Klausnitzer  1989, 
Majerus  & Kearns  1989),  probably  when  drinking 
sweat. 


5.2.10  Substitute  diets  and  food 
supplements  (sprays) 

Aphids  and  coccids  are  available  from  the  field  for  only 
part  of  the  year,  and  can  be  demanding  to  rear  in  suf- 
ficient numbers  to  support  large  laboratory  popula- 
tions of  ladybirds.  Considerable  effort  therefore  has 
been  spent  in  developing  substitute  foods  for  ladybirds 
(see  also  5.2.7).  Dried  or  frozen  aphids  have  been  fed  to 
ladybirds  with  mixed  success.  Using  dried  aphids. 
Smith  (1965b)  succeeded  in  rearing  Anatis  mall 
A.  bipunctata,  Hip.  trededmpuntata  and  Col  maculata, 
but  not  CoccineUa  spp.  In  contrast,  C.  septempunctata 
was  reared  successfully  with  quick-frozen  aphids 
(Shands  et  al.  1966),  as  was  Hip.  convergens  (Hagen 
1962). 

Given  the  challenges  of  developing  mixtures  of 
solely  chemically  defined  substances  (i.e.  holidic 
diets),  most  effort  has  been  devoted  to  developing 
diets  that  include,  in  addition  to  such  mixtures,  natu- 
ral substances  (e.g.  honey,  yeast,  royal  jelly  of  bees, 
and  vertebrate  tissues)  either  in  limited  amount 
(meridic  diets)  or  in  sufficient  amounts  to  provide 
most  dietary  requirements  (oligidic  diets:  Racioppi 
et  al.  1981).  Smirnoff  (1958)  reported  good  results 
in  rearing  larvae  and  adults  of  multiple  species  of 
aphidophagous,  coccidophagous,  acarophagous,  and 
mycophagous  coccinellids,  when  the  ladybirds  were 
fed  with  diets  including  royal  jelly,  agar,  cane  sugar, 
honey,  alfalfa  flour,  yeast  and  water,  plus  small  quanti- 
ties of  their  natural  foods.  Similarly,  Chumakova 
(1962)  reared  Cryptolaemus  montrouzieri  on  small 
amounts  of  natural  prey  mixed  with  a variety  of 
substances.  These  successes  could  not  be  repeated 
by  others,  however  (Tanaka  & Maeta  1965,  G.  Iperti, 
unpublished). 


To  date,  most  success  in  developing  a laboratory  diet 
has  been  achieved  for  the  polyphagous  and  pollinivo- 
rous  Coleomegilla  maculata  (Hodek  et  al.  1978). 
Szumkowski  (1952,  1961b)  used  liver,  meat  or  fish 
mixed  with  vitamin  C,  honey  or  sugar,  and  found 
finally  that  a mixture  of  fresh  yeast  with  glucose  or 
sucrose  solution  was  superior  to  the  liver  diet  in  pro- 
moting larval  development.  Szumkowski’s  diet  of  pig’s 
liver  with  vitamins  supported  egg  production  of  Col. 
maculata  (Warren  & Tadic  1967).  However,  these  diets 
failed  to  support  egg-laying  and  larval  development  of 
Cycloneda  sanguinea  and  Hip.  convergens  (Szumkowski 
1961a).  Smith  (1965b)  succeeded  in  rearing  Col  mac- 
ulata larvae  on  a diet  based  on  brewer's  yeast  and 
sucrose.  When  the  yeast  was  replaced  by  liver,  this  diet 
also  supported  oviposition  by  adults.  Other  diets 
(including  a banana  diet)  varied  in  their  abilities  to 
support  oviposition  in  1 3 species  of  coccinellids  (Smith 
1965a). 

Based  on  analyses  of  aphids  and  calf  liver,  Atallah 
and  Newsom  (1966)  formulated  16  diets  for  Col  macu- 
lata, six  of  which  supported  larval  development  and 
oviposition.  The  most  successful  diets  included  a high 
proportion  of  liver,  and  carotenoids  and  sterols 
extracted  from  cotton  leaves.  Addition  of  vitamin  E 
stimulated  copulation  (see  Hodek  1996,  pp.  191-2). 
This  diet  was  not  satisfactory  for  C.  novemnotata, 
Cycloneda  spp..  Hip.  convergens,  and  Olla  v-nigrum. 
Modifications,  including  adding  carrot  lipid,  whole 
egg,  beef  liver  and  honey,  made  the  diet  suitable  for 
rearing  larvae  of  A.  bipunctata.  Although  the  resultant 
adults  failed  to  oviposit  when  given  the  artificial 
diet,  they  did  so  when  given  aphids  (Kariluoto  et  al. 
1976).  Adult  emergence  on  this  diet  was  promoted 
by  adding  antifungal  agents  (sorbic  acid  and  methyl- 
p-hydroxybenzoate),  not  only  with  A.  bipunctata 
but  also  with  C.  septempunctata,  C.  transversoguttata. 
Hip.  tredecimpunctata  and  P.  quatuordecimpunctata 
(Kariluoto  1978, 1980).  Females  of  A.  bipunctata  (after 
a delay,  compared  to  feeding  on  aphids),  and  C.  septem- 
punctata (to  a lesser  degree),  produced  eggs  on  this 
improved  diet. 

Another  polyphagous  species,  Harmonia  axyridis, 
has  over  the  years  proved  challenging  to  rear  on 
artificial  diet.  Limited  success  with  a mixture 
including  agar,  cellulose  powder,  yeast,  saccharose, 
and  amino  acids  was  achieved  by  Hukusima  and 
Takeda  (1975).  A powder  from  lyophilized  larvae  of 
honey-bee  drones  has  proved  a satisfactory  (essential) 
food  for  Har.  axyridis,  Har.  yedoensis,  Coelophora 


186  I.  Hodek  and  E.  W.  Evans 


1 2 3 

Generations 


1 2 3 

Generations 


1 2 3 

Generations 


Egg  yolk 
-□-Whole  egg 
Starch 
-^Gelatin 


Figure  5.25  Survival  rates  (a),  mean  development  times  (b)  and  mean  adult  body  weight  (c)  of  Harmonia  axyridis  when 
maintained  for  successive  generations  on  four  artificial  diets  (from  Dong  et  al.  2001). 


hiplagiata,  Menochilus  sexmaculatus,  and  P.  japonica  (e.g. 
Niijima  et  al.  1986;  for  more  on  ‘drone  powder'  diet, 
see  5. 2. 7.1)  Substitutive  diets  potentially  producing 
multiple  generations  of  Hai:  axyridis  included  chicken 
liver,  brewer's  yeast,  sugars,  salts,  and  vitamins,  to 
which  was  added  either  whole  egg  or  starch  (most  sat- 
isfactory), or  egg  yolk  or  gelatin  (less  satisfactory) 
(Dong  et  al.  2001:  Fig.  5.25).  Sighinolfl  et  al.  (2008) 
used  pork  liver  mixed  with  oils,  sucrose,  glycerine, 
yeast  extract  and  vitamins,  to  rear  Hai:  axyridis  from 
egg  to  reproductive  maturity,  but  immature  develop- 
ment was  delayed  and  adult  emergence  rate,  weight, 
and  fecundity  reduced,  compared  to  rearing  on 
Ephestia  kuehniella  eggs. 

Oviposition  by  Hippodamia  convergens  occurred 
ondietsof  banana, freshliver,  andcasein  + yeast  + sugar 
(Smith  1965a).  Racioppi  et  al.  (1981)  succeeded  in 
rearing  larvae  of  this  species  on  a liver-based,  oligidic 


diet,  but  the  resultant  adults  did  not  oviposit  unless 
also  provided  with  aphids.  With  modifications  of  liver- 
based  diets,  Hussein  and  Hagen  (1991)  succeeded 
in  rearing  larvae  of  Hip.  convergens  (small  resultant 
adults)  and  Bain  et  al.  (1984)  managed  to  rear  the 
Australian  coccinellid  Cleobora  mellyi. 

Building  on  the  work  of  Szumkowski  (1952)  and 
Smirnoff  (1958),  Chinese  scientists  developed  diets 
for  supporting  both  larval  growth  and  oviposition  of 
the  oligophagous  Coccinella  septempimctata.  These 
liver-based  diets  included  royal  jelly,  soybean  oil  or  corn 
oil,  and  a juvenoid  in  olive  oil  (e.g.  Chen  et  al.  1980, 
1984,  1989,  Chen  & Qin  1982,  Qin  1988). 

A fruitful  avenue  for  the  development  of  artificial 
diets  for  coccinellids  is  the  identification  of  key  nutrient 
requirements  (Silva  et  al.  2009,  Pilorget  et  al.  2010). 
Atallah  and  Killebrew  (1967),  for  example,  identified 
specific  amino  acid  requirements  for  Col.  maculata, 
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i.e.  amino  acids  that  must  be  ingested  or  derived  from 
essential  precursors  in  the  food  as  opposed  to  those 
that  the  ladybird  can  synthesize  itself.  Svoboda  & 
Robbins  (1979)  documented  differences  in  saturated 
versus  unsaturated  sterols  of  the  phytophagous 
Epilachna  varivestis  and  the  aphidophagous  C.  septem- 
pimctata.  These  differences  reflect  the  sterols  obtained 
from  a plant  versus  insect  diet,  and  can  guide  efforts  to 
include  sterols  in  artificial  diets.  Sighinolfi  et  al.  (2008) 
characterized  the  amino  acid  and  fatty  acid  content  in 
Hai:  axyridis  prepupae  and  adults  and  of  their  food, 
when  the  predators  were  reared  on  either  a pork-based 
artificial  diet  (see  above)  or  eggs  of  E.  kuehniella.  The 
analyses  enabled  Sighinolfi  and  colleagues  to  identify 
nutritional  deficiencies  in  the  artificial  diet,  and  suggest 
possible  improvements.  A fuller  discussion  of  artificial 
diets  is  provided  by  Hodek  (1996)  and  recently  by 
Bonte  et  al.  (2010). 

Sprays  of  food  substitutes  to  crops  to  enhance 
numbers  and  activities  of  entomophagous  insects 
(Hagen  et  al.  1971.  Hagen  1986)  have  been  explored. 
Sugar  (usually  sucrose,  dissolved  in  water),  when 
sprayed  onto  plant  foliage  as  a substitute  for  floral 
nectar  and  honeydew,  promotes  local  ladybird  aggre- 
gation (e.g.  Ewert  & Chiang  1966,  Schiefelbein  & 
Chang  1966,  Carlson  & Chiang  1973,  Mensah  & 
Madden  1994,  Evans  & Richards  1997,  van  der  Werf 
et  al.  2000).  Feeding  on  sugar  (compared  with  only 
water)  in  the  period  of  prey  absence  improved  the 
reproduction  of  Stethorus  japonicus  in  the  subsequent 
period  of  ample  prey:  the  pre-oviposition  period  was 
shortened  from  2.25  to  1.44  days  and  only  203.7 
Tetranychus  urticae  eggs  were  needed  for  oviposition  to 
start,  versus  368  eggs  on  water  (Kishimoto  & Adachi 
2010). 

Even  stronger  results  are  obtained  from  sprays  that 
mix  protein  supplements  (typically  yeast-based) 
with  the  sugar  (e.g.  Hagen  et  al.  1971,  1976,  Ben 
Saad  & Bishop  1976b,  Nichols  & Neel  1977,  Evans  & 
Swallow  1993,  Mensah  1997,  2002a,  b,  Mensah 
& Singleton  2003).  The  aggregating  effect  of  food 
sprays  appears  to  derive  from  arresting  the  ladybirds  so 
that  they  linger  longer  in  treated  areas;  cage  experi- 
ments indicate  that  ladybird  adults  are  not  attracted 
by  applications  of  protein  supplement  and  sugar  to 
alfalfa  and  cotton  (Hagen  et  al.  1971,  1976,  Nichols  & 
Neel  1977).  Ladybird  adults  (Hippodamia  spp.,  C.  trans- 
versoguttata,  and  Scymnus  postpinctus)  have  been 
reported  to  be  attracted,  however,  to  potato  plants 
sprayed  with  honey,  molasses  or  tryptophan  (Ben  Saad 


& Bishop  1976a).  The  effects  of  a single  food  spray 
often  dissipate  within  a week  or  so  (e.g.  Evans  & 
Swallow  1993),  but  repeated  applications  can  result  in 
elevated  ladybird  densities  over  much  of  the  growing 
season  (e.g.  Mensah  2002b,  Mensah  & Singleton 
2003). 

The  goal  of  using  food  sprays  is  to  build  up  large 
numbers  of  ladybirds  and  other  natural  enemies  in 
crops  early  in  the  season  while  pest  numbers  are  still 
low  (e.g.  Hagen  et  al.  1971,  Ehler  et  al.  1997,  Mensah 
& Singleton  2003).  Other  uses  include  concentrating 
the  predators  in  protected  areas  prior  to  the  application 
of  an  insecticide  elsewhere  (e.g.  Evans  & Richards 
1997).  While  the  results  to  date  are  intriguing,  the 
mechanisms  and  benefits  associated  with  responses  of 
ladybirds  and  other  natural  enemies  to  field  applica- 
tions of  food  sprays  are  still  little  understood,  and  the 
implementation  of  this  potential  component  of  pro- 
grammes in  conservation  biological  control  remains  in 
its  early  stages  (Wade  et  al.  2008). 

5.2.11  Essential  foods 

The  ‘historical  and  functional  reasons  for  the  intro- 
duction of  the  terms  ‘essential  and  ‘alternative’ 
food/prey  are  explained  in  5.2.2.  The  terms  were 
defined  more  than  40  years  ago  (Hodek  1962);  essen- 
tial food  supports  successful  immature  development 
and  adult  reproduction,  while  alternative  food  merely 
maintains  survival  (Table  5.26,  Fig.  5.1).  Such  a simple 
dichotomised  definition  is  useful  by  focussing  on  the 
principal  difference  between  the  food  classes  and  has 
been  accepted  by  the  scientific  community  (e.g.  Mills 
1981,  Majerus  1994,  Evans  et  al.  1999,  Ware  et  al. 
2008,  Giorgi  et  al.  2009,  Berkvens  et  al.  2010). 

Naturally,  there  are  transitions  between  both  types. 
Thus  essential  foods  show  varying  degrees  of  favour- 
ability,  enabling  different  levels  of  developmental  rate, 
fecundity  and  survival.  Alternative  foods  may  range 
from  highly  toxic  (5. 2. 6.1)  to  quite  suitable  (5. 2. 6. 3) 
for  enabling  survival  in  periods  of  scarcity  of  essential 
food  by  providing  a supply  of  energy  to  compensate  for 
metabolic  losses  or  even  to  accumulate  reserves  for 
dormancy. 

It  may  be  considered  a shortcoming  that  the  two 
terms  cannot  be  defined  by  numerical  criteria.  Deci- 
sions within  the  ‘grey  zone'  of  intermediate  cases  can 
only  be  subjective.  One  may  hesitate  as  to  whether  65% 
completion  of  larval  development  indicates  somewhat 
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Table  5.26  List  of  essential  foods. 

Adalia  bipunctata  Adelges  lands  (L) 

Acyrthosiphon  pisum 

A.  pisum  (dry  powdered) 

Aphis  fabae  (L) 

Aphis  hederae  (L) 

Aphis  pomi 
Aphis  sambud  (L) 

Aulacorthum  solani  (L) 

Betulaphis  quadrituberculata  (L) 
Brachycaudus  helichrysi  (L) 
Brachycaudus  persicae 
Brachycaudus  tragopogonis 
Cavarieiia  spp.  (L) 

Chaitophorus  capreae  (L) 
Chaitophorus  versicolor  (L) 
Chromaphis  juglandicola  (L) 
Drepanosiphum  platanoidis  (L) 
Eucallipterus  tiliae 
E.  tiliae  (L) 

Euceraphis  punctipennis  (L) 
Hyalopterus  pruni 
H.  pruni  (L) 

Macrosiphum  rosae 
M.  rosae  (L) 

Microlophium  carnosum  (L) 
Microlophium  carnosum 
Myzocallis  boerneri  (L) 

Myzocallis  carpini  (L) 

Myzocallis  castanicola  (L) 

Myzocallis  coryii  (L) 

Myzus  cerasi 
M.  cerasi  (L) 

Myzus  persicae 

Neomyzus  circumflexus 
Periphyllus  lyropictus  (L) 

Phorodon  humuii  (L) 

Phyllaphis  fagi  (L) 

Pineus  pini  (L) 

Pterocaliis  aini  (L) 

Rhopalosiphum  maidis  (dry)  (slightly 
slower  development) 
Rhopalosiphum  padi  (lower  ovip.) 
Schizaphis  graminum 
Sitobion  avenae 
Tubercuiatus  annuiatus  (L) 
Tuberolachnus  salignus  (L) 
Uroleucon  cirsii  (L) 


Mills  1981 

Blackman  1965,  1967b,  Hariri  1966a,  b,  Fye 
1981 

Smith  1965b 
Mills  1981 
Mills  1981 
Iperti  1965 
Mills  1981 
Mills  1981 
Mills  1981 
Mills  1981 
Iperti  1965 
Iperti  1965 
Mills  1981 
Mills  1981 
Mills  1981 
Mills  1981 
Mills  1981 
Wratten  1973 
Mills  1981 
Mills  1981 
Semyanov  1970 
Mills  1981 
Brun  & Iperti  1978 
Mills  1981 
Mills  1981 

Blackman  1965,  1967b,  Hariri  1966a,  b 

Mills  1981 

Mills  1981 

Mills  1981 

Mills  1981 

Iperti  1965,  Ozder  & Saglam  2003 
Mills  1981 

Blackman  1965,  1967b,  Kariluoto  1980,  Fye 
1981 

Blackman  1965,  1967b 

Mills  1981 

Mills  1981 

Mills  1981 

Mills  1981 

Mills  1981 

Smith  1965b 

Semyanov  1970,  Ozder  & Saglam  2003 
Fye  1981 

Ozder  & Saglam  2003 
Mills  1981 
Mills  1981 
Mills  1981 
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Table  5.26  {Continued) 


Adalia 

Aphis  pomi 

Iperti  1965 

decempunctata 

Brachycaudus  persicae 

I pert!  1965 

Chaitophorus  capreae  (L) 

Mills  1981 

Cinara  palestinensis 

Bodenheimer  & Neumark  1955 

Drepanosiphum  piatanoidis  (L) 

Mills  1981 

Eucallipterus  tiliae  (L) 

Mills  1981 

Euceraphis  punctipennis  (L) 

Mills  1981 

Matsucoccus  josephi 

Bodenheimer  & Neumark  1955' 

Myzocallis  boerneri  (L) 

Mills  1981 

Myzocallis  coryii  (L) 

Mills  1981 

Phyllaphis  fagi  (L) 

Mills  1981 

Rhopalosiphum  maidis 

Iperti  1965 

Thelaxes  dryophila  (L) 

Mills  1981 

Tubercuiatus  annuiatus  (L) 

Mills  1981 

Aiolocaria  hexaspilota 

Chrysomela  populi  (pre-imag. stages) 

Savoiskaya  1 983  (p.  1 55) 

Anatis  mail 

Acyrthosiphon  pisum 

Smith  1965a 

Mindarus  abietinus 

Berthiaume  et  al.  2000 

Rhopalosiphum  maidis 

Smith  1965a 

Anatis  ocellata 

Euceraphis  punctipennis  (L) 

Mills  1981 

Myzus  persicae  (less  suitable) 

Kesten  1969 

Pineus  pini  (L) 

Mills  1981 

Rhopaiosiphum  padi  (less  suitable) 

Kesten  1969 

Schizolachnus  pineti 

Kesten  1969 

S.  pineti  (L) 

Mills  1981 

Aphidecta  obliterata 

Adelges  cooleyi 

Wylie  1958 

Adelges  nusslini 

Wylie  1958 

Elatobium  abietinum  (L) 

Mills  1981,  Day  et  al.  2006 

Pineus  pini  (L) 

Mills  1981 

Rhopalosiphum  padi 

Oliver  et  al.  2006 

Axinoscymnus 

Bemisia  tabaci 

Huang  et  al.  2006,  2008 

cardilobus 

Azya  orbigera 

Coccus  viridis 

Here  & Perfecto  2008 

Brumoides  suturalis 

Ferrisia  virgata  (better  for  dev.) 

Gautam  1990 

Pianococcus  minor  (better  for 
oviposition) 

Gautam  1990 

Calvia  muiri 

drone  powder 

Niijima  1979 

Calvia 

Acyrthosiphon  pisum 

Ruzicka  2006 

quatuordecimguttata 

Aphis  pomi  (L) 

Mills  1981 

Eucallipterus  tiliae  (L) 

Mills  1981 

Euceraphis  punctipennis  (L) 

Mills  1981 

Apis  mellifera  - drone  powder 

Niijima  1979 

Psylla  mail 

Semyanov  1980 

Schizaphis  graminum 

Fye  1981 

Calvia  quindecimguttata 

Melasoma  aenea  (pre-imag.  stages) 

Kanervo  1946 

Ceratomegilla 

Aphis  fabae 

Hodek  1960,  Iperti  1965,  Brun 

undecimnotata 

Acyrthosiphon  pisum 

Ruzicka  2006 

Myzus  persicae 

Brun  & Iperti  1978 

Cheilomenes  lunata 

Aphis  craccivora 

Ofuya  & Akingbohungbe  1988 

Cheilomenes  propinqua 

Aphis  craccivora 

Mandour  et  al.  2006 

vicina 

Chilocoms  bipustulatus 

Aspidiotus  nerii 

Uygun  & Elekcioglu  1998 

Chrysomphalus  aonidum 

Yinon  1969 

Chilocorvs  circumdatus 

Aonidiella  orientalis 

Elder  & Bell  1998 

(Continued) 
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Table  5.26  (Continued) 


Chilocorus  kuwanae 

Chionaspis  sallcis 

Kuznetsov  & Pantyuchov  1988 

Chionaspis  alnus 

Kuznetsov  & Pantyuchov  1988 

Chrysomphalus  bifasciculatus 

Tanaka  1981 

Unaspis  euonymi 

Ricci  et  al.  2006 

Unaspis  yanonensis 

Nohara  1962a,  Tanaka  1981 

Chilocorus  malasiae 

Aonidlella  orientaiis 

Eider  & Beil  1998 

Chilocorus  nigritus 

Abgrallaspis  cyanophylll 

Ponsonby  & Copland  1996,  1998,  2000, 
2007b 

Acutaspis  umbonifera 

Ponsonby  & Copland  2007a 

Aonidlella  aurantii 

Samways  1986 

A.  aurantii  (preferred  by  adults) 

Samways  & Tate  1986,  Samways  & Wilson 
1988 

Aspidiotus  nerii 

Erichsen  et  al.  1991 

A.  nerii  (preferred  by  larvae) 

Samways  & Wilson  1988 

Coccus  hesperidum 

Ponsonby  & Copland  2007a 

Pinnaspis  buxi 

Ponsonby  & Copland  2007a 

Saissetia  coffeae 

Ponsonby  & Copland  2007a 

Chilocorus  renipustulatus 

Chionaspis  sallcis  (L) 

Mills  1981 

Chilocorus  rubidus 

Eulecanium  caraganae  (eggs  for 
larvae,  eggs  and  larvae  for  adults) 

Pantyukhov  1968 

Chilocorus  stigma 
(bivulnerus) 

Chrysomphalus  aonidum 

Muma  1955 

Clitostethus  arcuatus 

Aleurodes  proletella 

Bathon  & Pietrzik  1 986 

Aleurotuba  jelinekli  (L) 

Mills  1981 

Siphoninus  phlllyreae 

Bellows  et  al.  1992 

Clitostethus  oculatus 

Bemisia  tabaci 

Liu  et  al.  1997,  Liu  & Stansiy  1999,  Ren 
et  ai.  2002 

Coccinella  hieroglyphica 

Galerucella  sagittariae  (larvae) 

Hippa  et  ai.  1984 

Myzus  persicae  (less  suitable  than  G. 
sagittariae) 

Hippa  et  ai.  1984 

Coccinella  magnifica 

Acyrthosiphon  pisum 

Sioggett  et  ai.  2002 

Aphis  fabae 

Sioggett  et  al.  2002 

Microlophium  carnosum 

Sioggett  et  al.  2002 

Coccinella 

Acyrthosiphon  pisum 

Blackman  1965,  1967b,  Schanderl  et  al. 

septempunctata 

1988,  Obrycki  and  Orr  1990 

Aphis  craccivora 

Hodek  1960,  Iperti  1965 

Aphis  fabae 

Hodek  1956,  Blackman  1965,  1967a,  Iperti 
1965,  Brun  & iperti  1978 

A.  fabae  (L) 

Miils  1981 

Aphis  glycines 

Costamagna  et  ai.  2008 

Aphis  gossypii 

iperti  1965,  Zhang  1992 

A.  gossypii  (G) 

Agarwala  et  ai.  1987 

Aphis  jacobaeae  (L) 

Miils  1981 

Aphis  nerii  (on  Calotropis  procera)(G) 

Agarwala  et  al.  1987 

Aphis  urticata 

Iperti  1965 

Brevicoryne  brassicae  (L) 

Miils  1981 

Diuraphis  noxia 

Michels  & Flanders  1992,  Formusoh  & Wilde 
1993 

Hyalopterus  pruni 

Hodek 1960 

Hyperomyzus  lactucae  (L) 

Mills  1981 

Lipaphis  pseudobrassicae 

Atwal  & Sethi  1963,  Sethi  & Atwal  1964 
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L.  pseudobrassicae  (G) 

Agarwala  et  al.  1987 

Longiunguis  donacis 

I pert!  1965 

Macrosiphoniella  artemisiae 

Iperti  1965 

Megoura  viciae  (slightly  less  suitable) 

Blackman  1965,  1967b 

Metopolophium  dirhodum  (L) 

Mills  1981 

Microlophium  carnosum  (L) 

Mills  1981 

Myzus  cerasi 

Ozder  & Saglam  2003 

Myzus  persicae 

Blackman  1965,  1967b,  Brun  & Iperti  1978, 
Kariluoto  1980 

M.  persicae  (L) 

Mills  1981 

Myzus  persicae  nicotianae 

Katsarou  et  al.  2005 

Rhopalosiphum  maidis 

Obrycki  & Orr  1 990 

Rhopalosiphum  pad! 

Ozder  & Saglam  2003 

Schizaphis  graminum 

Fye  1981,  Michels  & Behle  1991,  Formusoh 
& Wilde  1993 

Sitobion  avenae  (L) 

Mills  1981 , Ozder  & Saglam  2003 

Sitobion  avenae 

Ghanim  et  al.  1984 

Uroleucon  aeneus 

Hodek 1960 

Uroleucon  cirsii  (L) 

Mills  1981 

Coccinella 

C.  s.  brucki  (eggs)  (development 

Koide  1962 

septempunctata  brucki 

prolonged) 

Myzus  malisuctus 

Flukusima  & Sakurai  1964 

Myzus  persicae 

Flukusima  & Sakurai  1964 

Neophyllaphis  podocarpi 

Maeta  1965 

Rhopalosiphum  padi 

Okamoto  1966 

Sitobion  avenae 

Flukusima  & Sakurai  1964 

Vesiculaphis  caricis 

Takeda  et  al.  1964 

Coccinella  transversalis 

Aphis  craccivora 

Debaraj  & Singh  1 990,  Agarwala  & Yasuda 

(C.  leonina 

2001a 

transversalis) 

A.  craccivora  (G) 

Agarwala  et  al.  1987 

Aphis  gossypii 

Pervez  et  al.  2006 

Lipaphis  pseudobrassicae  (G) 

Agarwala  et  al.  1987 

Coccinella 

Myzus  persicae 

Kariluoto  1980 

transversoguttata 

Phorodon  humuli 

Gampbell  & Cone  1999 

Schizaphis  graminum 

Fye  1981 

Coccinella 

transversoguttata 

richardsoni 

Acyrthosiphon  pisum  (dry) 

Smith  1965b 

Coccinella 

Aleyrodes  proletella 

Moura  et  al.  2006 

undecimpunctata 

Aphis  fabae 

Moura  et  al.  2006,  Soares  & Serpa  2007 

Aphis  pomi 

Flarpaz  1958 

Laingia  psammae  (L) 

Mills  1981 

Metopolophium  dirhodum  (L) 

Mills  1981 

Myzus  persicae 

Cabral  et  al.  2006 

Sitobion  avenae  (L) 

Mills  1981 

Coccinella 

Aphis  gossypii 

Ibrahim  1955a,  b 

undecimpunctata 

Aphis  laburni 

Ibrahim  1955a,  b 

menetriesi 

Aphis  nerii 

Ibrahim  1955a,  b 

Aphis  punicae 

Ibrahim  1955a,  b 

Hyalopterus  pruni 

Ibrahim  1955a,  b 

Lipaphis  pseudobrassicae 

Ibrahim  1955a,  b 

Macrosiphoniella  sanborni 

Ibrahim  1955a,  b 

Myzus  persicae 

Ibrahim  1955a,  b 
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Coelophora  biplagiata 

Aphis  gossypii 

Yu  et  al.  2005 

Coelophora  mulsanti 

Rhopaiosiphum  padi 

Sallee  & Chazeau  1985 

Coelophora  quadrivittata 

Coccus  viridis 

Chazeau  1981 

Coelophora  saucia 

Myzus  persicae 

Omkar  & Pathak  2006 

Coleomegllla  maculata 

Acyrthosiphon  pisum  (also  dry) 

Smith  1965b 

(ssp.  lengi  incl.) 

Aphis  giycines 

Mignault  et  al.  2006 

C.  macuiata  (eggs) 

Warren  & Tadic  1967 

Ephestia  kuehniella  (eggs) 

Michaud  & Grant  2005 

Hyphantria  cunea  (eggs) 

Warren  & Tadic  1967 

Leptinotarsa  decemlineata  (eggs)  (less 

Ferro  & Hazzard  1991,  Hazzard  & Ferro  1991 

suitable  than  aphids  or  pollen) 
Myzus  persicae 

Ferro  & Flazzard  1991,  Flazzard  & Ferro  1991 

Rhopaiosiphum  maidis  (also  dry) 

Smith  1965b 

(slightly  less  suitable) 
corn  pollen 

Ferro  & Flazzard  1991,  Flazzard  & Ferro  1991 

pollen  (corn,  sorghum) 

Michaud  & Grant  2005 

Cryptognatha  nodiceps 

Aspidiotus  destructor 

Lopez  et  al.  2004 

Cryptolaemus 

Maconellicoccus  hirsutus 

Persad  & Khan  2002 

montrouzieri 

Pianococcus  citri 

Garcia  & O’Neil  2000 

Puivirtaria  psidii  (eggs) 

Man!  & Krishnamoorthy  1990 

Curious  coeruleus 

Diaphorina  citri 

Michaud  & Olsen  2004 

Heteropsylla  cubana 

Ohazeau  et  al.  1992,  da  Silva  et  al.  1992 

Cycloneda  ancoralis 

Aphis  gossypii 

Elliott  et  al.  1994 

Aphis  heiianthi 

Elliott  et  al.  1994 

Diuraphis  noxia 

Elliott  et  al.  1994 

Lipaphis  pseudobrassicae 

Elliott  et  al.  1994 

Cycloneda  limbifer 

Aphis  craccivora 

Zeleny  1 969 

Cycloneda  munda 

Acyrthosiphon  pisum 

Smith  1965b 

Cycloneda  sanguinea 

Aphis  fabae 

Isikber  & Oopland  2002 

Aphis  gossypii 

Isikber  & Oopland  2001,  2002 

Myzus  persicae 

Isikber  & Oopland  2002 

Delphastus  catallnae 

Bemisia  tabaci 

Pickett  et  al.  1999 

Simmons  & Legaspi  2004,  Zang  & Liu  2007 

Delphastus  pusillus 

Bemisia  tabaci 

Floelmer  et  al.  1993,  1994,  Guershon  & 

Gerling  1999 

Diomus  austrinus 

Phenacoccus  madeirensis 

Ghong  et  al.  2005 

Pianococcus  citri 

Ohong  et  al.  2005 

Exochomus  childreni 

Diaphorina  citri 

Michaud  & Olsen  2004 

Exochomus  flavipes 

Dactylopius  opuntiae 

Geyer  1 947 

Matsucoccus  josephi 

Bodenheimer  & Neumark  1955 

Exochomus 

Acyrthosiphon  pisum 

Radwan  & Love!  1 983 

quadripustulatus 

Chionaspis  salicis  (L) 

Mills  1981 

Dysaphis  devecta 

Radwan  & Lbvei  1 983 

Dysaphis  piantaginea 

Radwan  & Lbvei  1 983 

Pianococcus  citri 

Katsoyannos  & Laudeho  1 977 

Pseudochermes  fraxini  (L) 

Mills  1981 

Saissetia  oleae 

Katsoyannos  & Laudeho  1 977 
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Harmonia  axyridis  Acyrthosiphon  pisum 

Adelges  tsugae 
Aphis  craccivora 
Aphis  fabae 
Aphis  glycines 
Aphis  pomi 

Apis  me/Z/fera-drone  powder 
Brevicoryne  brassicae  (less  suitable) 
Capitophorus  elaeagni 
Diaphorina  citri 
Ephestia  kuehniella  (eggs) 
Hyalopterus  pruni  (less  suitable) 
Hyperomyzus  carduellinus 
Megoura  viciae  japonica 
Myzus  persicae 

Nasonovia  lactucae 
Neophyllaphis  podocarpi 
Periphyllus  californensis 
Rhopalosiphum  padi 
Schizaphis  graminum 
Sitobion  ibarae 

Harmonia  conformis  Acyrthosiphon  pisum 

Aphis  punicae 
Macrosiphum  rosae 
Psylla  jucunda 
Schizaphis  graminum 
Harmonia  dimidiata  Acyrthosiphon  pisum 

Myzus  persicae 
Eriosoma  lanigerum 
Rhopalosiphum  maidis 
Sitotroga  (eggs) 

Harmonia  sedecimnotata  Myzus  persicae 

Hippodamia  convergens  Diuraphis  noxia 

Phorodon  humuli 
Rhopalosiphum  padi 
Schizaphis  graminum 


Hippodamia  parenthesis 


Hippodamia 
quinquesignata 
Hippodamia  sinuata 

Hippodamia 

tredecimpunctata 


Therioaphis  maculata 
Acyrthosiphon  pisum  (dry) 

A.  pisum 

Schizaphis  graminum  (less  suitable 
than  A.  pisum) 

Acyrthosiphon  pisum 

Rhopalosiphum  maidis 
Schizaphis  graminum 
Acyrthosiphon  pisum  (dry  powdered) 
Diuraphis  noxia  (less  suitable) 
Rhopalosiphum  maidis  (dry 
powdered)  (slower  development) 
Schizaphis  graminum  (more  suitable) 


Hukusima  & Kamel  1970,  Fye  1981, 
Schanderl  et  al.  1988 
Wallace  & Main  2000,  Flowers  et  al.  2005 
Mogi  1969 
Soares  et  al.  2005 

Mignault  et  al.  2006,  Costamagna  et  al.  2008 
Flukusima  & Kamel  1970 
Niijima  1979 

Hukusima  & Kamel  1970 

Osawa  1992 

Michaud  & Olsen  2004 

Schanderl  et  al.  1988 

Hukusima  & Kamel  1970 

Hukusima  & Kamel  1970 

Hukusima  & Kamel  1970 

Hukusima  & Kamel  1970,  Schanderl  et  al. 

1985,  Soares  et  al.  2005 
Hukusima  & Ohwaki  1972 
Maeta  1 965 

Hukusima  & Kamel  1970 
Okamoto  1966 
Fye  1981 

Hukusima  & Kamel  1970 
Fye  1981 

Moursi  & Kamal  1946 
Maelzer  1978 
Hales  1979 
Fye  1981 

Semyanov  1999,  Ruzicka  2006 
Fye  1981,  Semyanov  1999 
Chakrabarti  et  al.  1988 
Semyanov  1999 
Semyanov  1999 
Semyanov  2000 
Formusoh  & Wilde  1993 
Campbell  & Cone  1999 
Phoofolo  et  al.  2007 

Michels  & Behle  1991,  Formusoh  & Wilde 
1993 

Phoofolo  et  al.  2007 
Nielson  & Currie  1960 
Smith  1965b 
Crr  & Cbrycki  1 990 
Crr  & Cbrycki  1 990 

Kaddou  1960 

Michels  & Behle  1991 
Michels  & Behle  1991 
Smith  1965b 
Michels  & Flanders  1992 
Smith  1965b 

Michels  & Flanders  1992 
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Hippodamia  variegata 


Hyperaspis  desertomm 
Hyperaspis  lateralis 


Hyperaspis  notata 


Hyperaspis  pantherina 
Hyperaspis  raynevali 
Hyperaspis  senegalensis 
hottentotta 

Lioadalia  flavomaculata 
Lindorus  lophantae 

Macroiileis  hauseri 
Megalocaria  dilatata 
Menochilus 
sexmaculatus 


Micraspis  discolor 

Myrrha  octodecimguttata 
Nephus  bilucernarius 
Nephus  bisignatus 
Nephus  includens 


Acyrthosiphon  pisum 
Aphis  craccivora 
Aphis  fabae  (on  beans) 

Aphis  glycines 
Aphis  gossypii 
Aphis  nerii 
Aphis  pomi  (L) 

Diuraphis  noxia  (low  fecundity) 
Dysaphis  crataegi 
Macrosiphoniella  artemisiae 
Myzus  persicae 
Rhopalosiphum  maidis 
Schizaphis  graminum 
Schizaphis  graminum  (low  larv.  surv.) 
Orthezia  urticae  (L) 

Pseudococcus  auriianatus 
Pseudococcus  sequoiae  (eggs,  young 
larvae  preferred  prey) 

Ferrisia  virgata 
Phenacoccus  madeirensis 
Phenacoccus  manihoti 
Orthezia  insignis 
Phenacoccus  herreni 
Phenacoccus  manihoti 

Schizaphis  graminum 
Aspidiotus  nerii 

Phoenicococcus  marlatti 
Podosphaera  ieucotricha  (mildew) 
Pseudoregma  bambucicola 
Aphis  craccivora 


Aphis  craccivora  (G) 

Aphis  gossypii 
Aphis  nerii  (G) 

Aphis  spiraecoia 
Aphis  spiraecoia  (G) 

Lipaphis  pseudobrassicae  (G) 
Nasonovia  lactucae 
Schizaphis  graminum 
Sitobion  ibarae 
Aphis  craccivora  (G) 

Aphis  spiraecoia  (G) 

Pineus  pini  (L) 

Dysmicoccus  spp. 
Planococcus  citri 
Planococcus  citri 


Obrycki  & Orr  1990 

Iperti  1965 

Brun  & Iperti  1978 

Costamagna  et  al.  2008 

El  Habi  et  al.  2000 

Iperti  1965 

Brun  & Iperti  1978 

Michels  & Flanders  1992 

Kontodimas  & Stathas  2005 

Iperti  1965 

Iperti  1965 

Obrycki  & Orr  1990 

Michels  & Bateman  1986 

Michels  & Flanders  1992 

Savoiskaya  1 983  (p.  1 52) 

McKenzie  1932 
McKenzie  1932 

Staubli  Dreyer  et  al.  1997b 
Staubli  Dreyer  et  al.  1997b 
Staubli  Dreyer  et  al.  1997a 
Booth  et  al.  1995 
Kiyindou  & Fabres  1987 
Fabres  & Kiyindou  1985 

Michels  & Bateman  1986 
Flonda  & Luck  1995,  Cividanes  & Gutierrez 
1996,  Stathas  2000 
Gomez  1999 
Liu  1950 

Puttarudriah  & Channabasavanna  1 952 
Srikanth  & Lakkundi  1990,  Agarwala  et  al. 

2001,  Agarwala  & Yasuda  2000,  2001a 
Omkar  et  al.  2005 
Agarwala  et  al.  1987 
Agarwala  & Yasuda  2000 
Agarwala  et  al.  1987 
Agarwala  & Yasuda  2000 
Agarwala  et  al.  1987 
Agarwala  et  al.  1987 
Flukusima  & Komada  1972 
Fye  1981 

Hukusima  & Komada  1974 
Agarwala  et  al.  1987 
Agarwala  et  al.  1987 
Mills  1981 

Gonzales-Hernandez  et  al.  1999 
Kontodimas  et  al.  2005 
Kontodimas  et  al.  2005 
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Oenopia  conglobata 


Oenopia  conglobata 
contaminata 
Olla  v-nigmm 


Paranaemia  vittigera 
Parastethorus  nigripes 
Pharoscymnus 
numidicus 
Propylea  dissecta 


Propylea  japonica 


Propylea 

quatuordecimpunctata 


Rhyzoblus  ventralls 
Rhyzoblus  litura 


Rodatus  major 
Sasajiscymnus  tsugae 
Scymnus  aurltus 
Scymnus  coccivora 
Scymnus  frontalis 
Scymnus  levalllanti 
Scymnus  marinus 


Aphis  pomi 

Brachycaudus  persicae 
Cinara  palestinensis 
Galerucella  lineola  (pre-imag.) 
Matsucoccus  Joseph! 

Rhopalosiphum  maidis 
Schizaphis  graminum 
Agonoscena  pistaciae 

Diaphorina  citri 
Heteropsylla  cubana 
Psylla  uncatoides 
Thaleurodes  vaporariorum 
Diuraphis  noxia 
Tetranychus  urticae 
Parlatoria  blanchardi 
Prodenia  litura  (eggs) 

Aphis  craccivora 
Aphis  gossypii 
Lipaphis  pseudobrassicae 
Rhopalosiphum  maidis 
Uroleucon  compositae 
Aphis  gossypii 

Ephestia  kuhniella  (eggs,  lower  ovip.) 
Nasonovia  lactucae 
Nilaparvata  lugens 
Sitobion  akabiae 
Sitobion  ibarae 
Uroleucon  formosanum 
Acyrthosiphon  pisum 
Aphis  fabae  (L) 

Aphis  glycines 
Brachycaudus  helichrysi  (L) 

Diuraphis  noxia  (low  fecundity) 
Eucalliptems  tiliae  (L) 

Metapolophium  dirhodum  (L) 
Pterocallis  aini  (L) 

Rhopalosiphum  maidis 
Schizaphis  graminum 
Sitobion  avenae  (L) 

Uroleucon  cirsii  (L) 

Uroleucon  jaceae  (L) 

Eriococcus  coriaceus 
Sitobion  avenae  (L) 

Uroleucon  cirsii  (L) 

Uroleucon  jaceae  (L) 

Monophlebulus  pilosior  (eggs) 
Adelges  tsugae 
Phylloxera  glabra 
Maconellicoccus  hirsutus 
Diuraphis  noxia 
Aphis  gossypii 
Saissetia  oleae  (eggs) 


I peril  1965 
I peril  1965 

Bodenhelmer  & Neumark  1955 
Kanervo  1946 

Bodenhelmer  & Neumark  1955“ 

Iperil  1965 
Fye  1981 

Mehrnejad  & Jalall  2004 

Michaud  & Olsen  2004 

Chazeau  ei  al.  1991 

Chazeau  ei  al.  1991 

Chazeau  ei  al.  1991 

Robinson  1992 

Bailey  & Caon  1 986 

Kehai  1968 

Kehai  1968 

Omkar  & Mishra  2005 

Omkar  & Mishra  2005,  Pervez  ei  al.  2006 

Omkar  & Mishra  2005 

Omkar  & Mishra  2005 

Omkar  & Mishra  2005 

Zhang  1992 

Hamasaki  & Maisui  2006 
Hukusima  & Komada  1972 
Bai  ei  al.  2006 
Kawauchi  1979 
Hukusima  & Komada  1972 
Hukusima  & Komada  1972 
Obrycki  & Orr  1 990 
Mills  1981 

Mignauli  ei  al.  2006 
Mills  1981 

Michels  & Flanders  1992 
Mills  1981 
Mills  1981 
Mills  1981 

Brun  & Iperil  1978,  Obrycki  & Orr  1990 

Fye  1981,  Michels  & Flanders  1992 

Mills  1981 

Mills  1981 

Mills  1981 

Richards  1985 

Mills  1981 

Mills  1981 

Mills  1981 

Richards  1985 

Cheah  & McClure  1998,  Flowers  ei  al.  2005 

Easiop  & Pope  1 966,  1 969 

Persad  & Khan  2002 

Naranjo  ei  al.  1990,  Farid  ei  al.  1997 

Isikber  & Copland  2001 

Ba  M’hamed  & Chemseddine  2001 
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Scymnus  posticalis 

Aphis  gossypii 

Agarwaia  & Yasuda  2001  b 

Scymnus  sinuanodulus 

Adelges  tsugae 

Lu  & Montgomery  2001 

Scymnus  subvillosus 

Aphis  sambuci 

Klausnitzer  1992 

Serangium 

Bemisia  tabaci 

Yigit  1992 

parcesetosum 

Dialeurodes  citri 

Yigit  et  al.  2003 

Coccus  hesperidum 

Yigit  et  al.  2003 

Stethoms  bifidus 

Tetranychus  urticae 

Charles  et  al.  1985 

Stethoms  gilvifrons 

Panonychus  ulmi 

Dosse  1967 

Tetranychus  cinnabarinus  (eggs) 

Dosse  1967 

Tetranychus  urticae  (eggs) 

Dosse  1967 

Stethoms  japonicus 

Tetranychus  urticae 

Mori  et  al.  2005 

Tetranychus  mcdanieli 

Roy  et  al.  2003 

Tetranychus  urticae 

Rott  & Ponsonby  2000 

Stethoms  punctum 

Panonychus  ulmi 

Houck  1986 

Tetranychus  urticae 

Houck  1986,  1991 

Stethoms  pusillus 

Panonychus  ulmi 

Putman  1955 

Tetranychus  bimaculatus 

Putman  1955 

Stethoms  tridens 

Tetranychus  evansi 

Fiaboe  et  al.  2007 

Synonycha  grandis 

Paraoregma  alexandri 

Shantibala  et  al.  1992 

Pseudoregma  bambucicola 

Puttarudriah  & Channabasavanna  1 952, 

Puttarudriah  & Maheswariah  1 966 


(G)  based  on  examination  of  gut  content  - ‘common’  food  (Agarwaia  et  ai.  1987). 

(L)  based  on  observation  of  iarvae  of  the  coccineilid  occurring  together  with  the  recorded  prey  (Miils  1981). 
“Savoiskaya  (1 983,  p.  1 42)  doubts  whether  M.  josephi  is  reaily  an  essentiai  prey  of  A.  decempunctata  and  O.  conglobata. 
She  is  right  mentioning  that  generaiiy  coccids  are  very  unfavourabie  prey  of  Coccineilini. 


less  suitable  essential  prey  or  quite  a good  alternative 
prey. 

An  important  refinement  of  the  definitions  was 
made  by  Michaud  (2005),  when  he  called  attention  to 
special  cases  where  the  relation  to  prey  is  not  identical 
in  predator  larvae  and  adults.  Michaud  (2000)  found, 
for  example,  that  females  of  Hip.  convergens  had  a good 
fecundity  on  Toxoptera  citricidus,  that  this  appears 
essential  prey  for  females,  while  the  larvae  could  not 
complete  development  on  this  prey.  Michaud  (2005) 
gave  other  examples  of  such  ‘non-symmetric’  rela- 
tions to  essential  food  and  proposed  to  add  the  term 
‘complete  food’  for  prey  that  enables  both  larval 
development  and  female  oviposition.  Consequently  we 
can  recognize,  for  example,  ‘larval  essential  prey’  of  a 
coccineilid  species,  if  it  is  not  also  recorded  as  essential 
for  adults.  To  arrive  at  a numerical  criterion  for  evalu- 
ating prey  quality,  Michaud  (2005)  suggests  rearing 
ladybirds  on  conspecific  eggs  as  a reference  diet, 
ffowever,  Sloggett  and  Lorenz  (2008)  recorded  nutri- 
tional differences  of  conspecific  eggs  in  different 
species. 


5.2.12  Tritrophic  studies 

The  effect  of  the  plant  on  a carnivorous  insect  via  the 
herbivore  is  discussed  in  several  sections  of  5.2. 
The  effect  of  plant  allelochemical  substances  (sec- 
ondary chemicals  of  Fraenkel  1959,  1969)  was  most 
probably  the  earliest  topic  studied  in  this  respect.  The 
observations  on  the  toxic  effect  of  allelochemicals 
from  the  elder  Sambucus  spp.,  acting  through  elder 
aphids  (Aphis  sambuci  and  Aulacorthuin  magnoliae)  on 
C.  septempunctata  (Hodek  1956,  Blackman  1965, 
Okamoto  1966)  represented  the  very  onset  of  studies 
of  the  wide  field  of  prey  specificity  in  coccinellids.  Prey 
acquiring  their  toxicity  from  plants  (5. 2. 6.1)  are  also 
included  in  this  chapter. 

Plants  with  a high  nutritional  value  may  have  a 
positive  effect,  also  transferred  through  the  prey, 
on  ladybirds.  Compared  with  Acyrthosiphon  pisum 
reared  on  Vida  faba,  A.  pisum  reared  on  alfalfa  stored 
significantly  more  fatty  acids  (particularly  six  times 
more  myristic  acid)  which  resulted  in  a 1.17-fold 
increase  in  available  calories.  Feeding  on  this  more 
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Table  5.27  Survival  of  Cocdnella  septempimctata  larvae,  and  ratio  of  female  size  at  24°C  resulting  from  increasing  daily 
levels  of  Acythosiphon  pisum  reared  on  either  M.  saliva  or  V.  faba  at  22“C  (after  Giles  et  al.  2002). 

A.  pisum  (mg/day) 


Variable 

2.2 

2.2 

4.3 

4.3 

8.2 

8.2 

16.4 

16.4 

M.S.* 

V.f.t 

M.s. 

V.f. 

M.s. 

V.f. 

M.s. 

V.f. 

Larva 

0.333 

0.050* 

0.817 

0.617 

0.897 

0.864 

0.930 

0.867 

Female  size^ 

0.167 

0 

0.158 

0.174 

0.540 

0.325 

0.780 

0.432 

n** 

60 

60 

60 

60 

58 

59 

57 

60 

*Pea  aphids  reared  on  Medicago  saliva. 

^Pea  aphids  reared  on  Vida  faba. 

♦Paired  underiined  vaiues  represent  significant  differences  (p  < 0.05)  for  2 x 2 tests  between  host-piants  at  each  mg 
ievei. 

®Eilipticai  body  area  was  measured  to  estimate  aduit  size  (Obrycki  et  ai.  1998). 

"Number  of  C.  septempunctata  iarvae  at  beginning  of  experiment. 


nutritive  prey  Increased  larval  survival,  decreased 
development  time  and  resulted  in  larger  adults  of  C. 
septempunctata  (Giles  et  al.  2002;  Table  5.27).  One  of 
the  tritrophic  systems  even  occurs  in  a land-water 
ecotone:  water  \i\y~Galerucella  nympliaeae-Col.  macu- 
lata  (Schlacher  & Cronin  2007). 

Another  interesting  tritrophic  system  consists  of  the 
willow,  a leaf  beetle  (Plagiodera  versicolora)  and  the 
predatory  coccinellid  Aiolocaria  hexaspilota  (see  also 
5. 4. 1.2  for  this  tritrophic  relation).  Cutting  off  willow 
trees  leads  to  an  increase  in  their  leaf  nitrogen.  The 
relative  growth  rate  of  the  chrysomelid  increased 
when  feeding  on  the  nitrogen  rich  leaves,  but  nitrogen 
level  did  not  increase  in  the  body  of  the  leaf  beetle. 
Thus  it  is  not  clear  why  the  relative  growth  rate 
also  increased  in  the  coccinellid  larvae  preying  on 
the  chrysomelid  larvae  feeding  on  N-rich  leaves 
(Kagata  & Ohgushi  2007;  Table  5.28).  Tritrophic 
studies  based  on  pest-resistant  plants  are  discussed  in 
5.2. 6.3. 

Elevated  air  CO2  concentration  significantly 
increased  tannin  and  gossypol  content  and  decreased 
N content  in  cotton.  The  survival  of  Aphis  gossypii 
increased  with  higher  CO2  concentrations  while  their 
fatty  acid  content  decreased,  fn  contrast,  the  survival 
and  fecundity  of  P.  japonica  was  not  significantly 
affected,  but  its  development  time  was  longer.  As  global 
CO2  levels  rise  the  authors  speculated  that  A.  gossypii 
may  become  a more  serious  pest  due  to  its  increased 
survival  and  the  slower  development  of  the  ladybird 
(Gao  et  al.  2008). 


Table  5.28  Qualitative  traits  of  leaves,  chrysomelids 
{Plagiodera  versicolora)  and  ladybirds  (Aiolocaria  hexaspilota) 
on  cut  and  uncut  willows  (modified  after  Kagata  & Ohgushi 
2007). 


Willows 

Cut 

Uncut  (control) 

Leaves  of  host  plant 

% Water  (FM) 

63.82  ± 0.51 

62.12  ±0.62 

% Carbon  (DM) 

44.90  ± 0.75 

45.23  ± 0.59 

% Nitrogen  (DM) 

2.64  ±0.11 

2.31  ± 0.06 

Chrysomelid  prey 

Larval  mass  (mg  FM) 

5.20  ± 0.33 

3.71  ±0.19 

% Water  (FM) 

76.29  ± 0.57 

76.52  ± 0.42 

% Carbon  (DM) 

48.73  ± 1.52 

48.65  ± 1.31 

% Nitrogen  (DM) 

8.43  ± 0.20 

8.48  ±0.16 

Ladybird  larva 

Larval  mass  (mg  FM) 

64.70  ±4.10 

50.81  ± 4.54 

% Water  (FM) 

78.80  ± 0.51 

78.93  ± 0.58 

% Carbon  (DM) 

45.75  ± 1.96 

42.47  ± 1.23 

% Nitrogen  (DM) 

10.68  ± 0.50 

9.23  ± 0.28 

FM,  fresh  mass;  DM,  dry  mass;  Means  ± SE. 


Physiological  condition  (senescence)  of  the  bean 
plant  modified  the  incidence  of  adult  diapause  in  coc- 
cinellids  via  the  aphid  prey  (Rolley  et  al.  1974;  Table 
6.8,  in  Chapter  6). 

A particular  kind  of  tritrophic  phenomenon  is  the  so 
called  ‘crying  for  help'  of  plants  injured  through 
herbivory,  i.e.  the  production  of  attractants  for 
natural  enemies  of  the  herbivores  (detected  for  the  first 
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time  in  predatory  acari).  Such  attraction  has  already 
been  observed  in  several  coccinellid  species,  attracted 
for  example  by  methylsalicylate  produced  at  a higher 
level  due  to  aphid  infestation  of  plants  (Zhu  & Park 
2005,  Karban  2007;  several  cases  are  discussed  in 
5.4.1.2). 

5.2.13  Food  of  phytophagous  Coccinellidae 

Phytophagous  ladybirds  of  the  subfamily  Epilachninae 
feed  especially  (but  not  exclusively)  on  host  plants  of 
the  families  Solanaceae  and  Cucurbitaceae  (Schaefer 
1983).  Some  species  have  been  studied  intensively  in 
relation  to  their  feeding  on  economically  important 
host  plants.  These  include  the  Mexican  bean  beetle, 
Epilachna  varivestis,  a pest  with  a worldwide  distribu- 
tion (e.g.  Fujiyama  et  al.  1998,  Abe  et  al.  2000,  Shirai 
& Yara  2001),  and  H.  vigintioctomaculata  (Fujiyama  & 
Katakura  2002).  Interestingly  a pest  of  cucurbits, 
Henosepilachna  elaterii  {=Epilachna  chrysomelina)  has 
been  reported  as  also  feeding  on  aphids  (El  Khidir 
1969). 

Closely  related,  co-occurring  species  of  He- 
nosepilachna (=Epilachna)  differ  in  their  abilities 
to  feed  on  particular  host  plant  species.  In  Japan,  H. 
vigintioctomaculata  preferred  potato  plants,  and  failed 
to  develop  on  eggplant,  whereas  H.  vigintioctopunctata 
fed  and  developed  on  both  potatoes  and  eggplant  (fwao 
1954).  Similarly,  among  three  closely  related  species  of 
the  H.  vigintioctomaculata  complex,  the  wild  herb 
Solanum  japomnse  was  most  suitable  for  development 
of  H.  pustulosa,  less  so  for  H.  niponica,  and  least  for  H. 
yasutomii  (Fujiyama  & Katakura  2002). 

The  usual  food  of  H.  pustulosa  is  thistle  {Cirsium 
spp.),  but  fwao  and  Machida  (1961)  found  that  a 
varying  proportion  of  individuals  also  accept  potato 
plants,  with  a positive  correlation  between  a female’s 
acceptance  of  potato  and  her  offspring's  acceptance 
of  this  host  plant.  As  a result  of  either  pre-imaginal 
conditioning  or  negative  selection  (with  high  mortality 
on  potatoes),  a greater  percentage  of  individuals  that 
fed  as  larvae  on  potato  versus  thistles  (74%  vs.  31%) 
subsequently  accepted  potato  as  adults.  Furthermore, 
individuals  could  also  be  conditioned  during  the  first 
days  of  adult  life  to  prefer  either  host  plant  thereafter 
(fwao  & Machida  1961).  By  contrast,  Shirai  and  Mori- 
moto  (1999)  found  no  difference  between  populations 
associated  with  potato  and  wild  thistle  in  their  abilities 


to  feed  on  potato.  Koji  et  al.  (2004)  compared  feeding 
responses  of  two  Japanese  H.  niponica  populations, 
separated  by  150km  and  associated  with  different 
thistle  species,  to  several  geographically  restricted 
populations  of  thistles.  Although  the  two  (Asiu  and 
Yuwaku)  populations  were  similar  in  many  of  their 
responses  to  the  host  plants  (i.e.  overall  they  shared 
a conserved  hierarchy  of  feeding  preferences  and 
growth  performance),  they  differed  strikingly  in  their 
response  to  a host  plant  used  naturally  as  a secondary 
food  source  by  only  the  Yuwaku  population.  Asiu 
adults  thus  avoided  Cirsium  kagamontanum,  and  their 
offspring  failed  to  develop  on  this  host  plant.  Yuwaku 
adults,  in  contrast,  preferred  this  thistle,  and  approxi- 
mately 10%  of  their  offspring  developed  on  this 
host.  Similarly,  Fujiyama  et  al.  (2005)  found  that  adult 
preference  and  larval  performance  on  an  unusual  host 
plant,  the  deciduous  tree  Pterostyrax  hispidus,  was 
higher  for  a population  of  Henosepilachna  yasutomii 
that  occurs  on  this  tree  than  for  other  populations  of 
this  ladybird  species  naturally  associated  with  other 
host  plants  (see  also  Kikuta  et  al.  2010,  Kuwajima 
et  al.  2010). 

The  genetic  basis  that  may  underlie  such  patterns 
of  host  use  in  Epilachna  spp.  has  received  considerable 
attention.  The  major  host  plants  of  E.  vigintioctopunctata 
in  Southeast  Asia  are  solanaceous  species  (Shirai  & 
Katakura  1999).  Shirai  and  Katakura  (2000)  found 
natural  populations  of  this  ladybird  using  the  legume 
Centrosema  pubescens  in  Malaysia  and  Indonesia.  When 
these  legume-feeding  strains  were  maintained  for 
a number  of  generations  on  Solanum  nigrum,  however, 
they  rapidly  lost  their  ability  to  use  the  legume  (Shirai 
& Katakura  2000;  Fig  5.26).  Interestingly,  the  authors 
were  unable  to  select  conversely  for  a shift  in  host 
use  by  rearing  Solanwn-feeding  ladybird  strains  on 
the  legume.  Ueno  et  al.  (1999)  studied  siblings  of 
H.  vigintioctomaculata  collected  from  Solanum  tubero- 
sum on  Honshu  or  from  the  novel  host  Schizopepon 
bryoniaefolius  on  Hokkaido.  Since  Ueno  et  al.  (1999) 
did  not  find  negative  genetic  correlations  in  estab- 
lished and  novel  host  plant  use,  they  suggested  that 
the  coccinellid  expansion  onto  S.  bryoniaefolius  on 
Honshu  is  prevented  by  ecological  and  behavioural 
factors,  rather  than  genetic  constraints.  A subsequent 
study  (Ueno  et  al.  2001),  using  beetles  associated 
with  S.  bryoniaefolius  on  Hokkaido,  found  lower 
heritabilities  for  growth  performance  when  the  beetles 
were  reared  on  S.  bryoniaefolius  rather  than  on  S. 
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Figure  5.26  Survival  rates  (emergence  rates  from  pupae)  in  successive  laboratory-reared  generations  of  Henosepilachna 
vigintioctopunctata,  for  two  populations  (top,  from  Kuala  Lumpur;  bottom,  Padang  in  Indonesia)  found  feeding  in  the  field  on 
the  legume  Centrosema  pubescens.  Laboratory  colonies  were  maintained  on  Solarium  nigrum,  with  some  individuals  at  each 
generation  transferred  as  eggs  to  C.  pubescens  (from  Shirai  & Katakura  2000). 


tuberosum,  suggesting  local  adaptation  in  host  plant 
use. 

Intraspeciflc  variation  among  plant  genotypes  of 
a given  host  species  has  been  studied  as  well,  for  its 
influence  on  ladybird  feeding  and  performance.  In 
laboratory  experiments,  Fujiyama  and  Katakura 
(1997)  examined  responses  of  a population  of  H. 
pustulosa  from  flokkaido  to  different  clones  of  two  host 
plants,  thistle  (Cirsium  kamtschatkum)  and  blue  cohosh 
{Caulophyllum  robustum).  Feeding  rates  of  adult  beetles 
differed  significantly  among  clones  for  both  of  the  host 
species,  as  did  larval  performance  (measured  by 
eclosion  rate,  duration  of  development  and  resultant 
adult  size,  when  reared  on  a particular  plant  clone). 
When  two  thistle  clones  were  transplanted  to  a 
common  garden,  the  difference  in  their  suitability  for 
larvae  narrowed,  thus  demonstrating  also  an  environ- 
mental influence  (Fujiyama  & Katakura  2001).  As 
further  evidence  of  major  environmental  influence, 
eclosion  rates  increased  significantly  when  larvae  fed 
on  shoots  exposed  to  increasing  light  intensity,  but 


adult  female  feeding  preference  was  not  affected.  This 
suggested  that  females  might  respond  primarily  to 
host  genotype,  even  when  environmental  conditions 
affect  the  suitability  of  that  genotype  for  their  offspring 
(Fujiyama  & Katakura  2001).  Examination  of  egg 
laying  among  clones  by  females  in  the  field,  however, 
affirmed  the  importance  in  host  selection  of  environ- 
mental factors  (clone  size,  soil  moisture,  and  exposure 
to  sunlight).  As  the  growing  season  proceeded,  females 
changed  the  distribution  of  eggs  among  clones  from 
aggregated  to  more  nearly  random  (Fujiyama  et  al. 
2003). 

Chemical  and  physical  attributes  of  plants 
influencing  host  selection  by  phytophagous  ladybirds 
have  been  explored  in  detail,  especially  among  pest 
species  (e.g.  Napal  et  al.  2010).  From  analyses  of 
potato  leaf  extracts,  Endo  et  al.  (2004)  found  that 
methyl  linolenate  acts  synergistically  with  sugars 
(glucose  and  fructose)  to  stimulate  feeding  behaviour 
in  E.  vigintioctomaculata.  Luteolin  7-0-glucoside  in 
Physalis  alkekengi  stimulates  H.  vigintioctopunctata  to 
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feed  on  this  host  plant  (Hori  et  al.  2 00  5 ) . Plant  defences 
have  been  examined  especially  in  plant  resistance 
studies  for  the  Mexican  bean  beetle,  E.  varivestis 
(Hammond  & Coope  1999).  For  example,  larval  feeding 
on  isolines  of  soybean  with  trichomes  (versus  a 
glabrous  variety)  resulted  in  increased  mortality  and 
reduced  pupal  mass  (Gannon  & Bach  1996).  The 
‘Davis’  soybean  cultivar  releases  volatiles  that  attract 
females  of  E.  varivestis.  but  this  ‘death-trap’  cultivar  is 
an  unsuitable  host:  females  that  feed  on  it  lay  few  eggs, 
and  their  offspring  die  by  the  third  instar  (Burden  & 
Norris  1994).  The  importance  of  environmental 
factors  on  resistance  expression  was  highlighted  by 
Jenkins  et  al.  (1997).  who  reported  that  resistance 
among  varieties  of  soybean  strengthened  with  decreas- 
ing soil  moisture,  since  Mexican  bean  beetle  larvae 
took  longer  to  develop  and  suffered  greater  mortality. 
Induced  resistance  to  the  Mexican  bean  beetle  was 
found  when  larvae  fed  on  soybean  plants  that  had  been 
subjected  to  previous  beetle  feeding  damage,  or  had 
been  treated  with  jasmonic  acid  (Iverson  et  al.  2001). 
Underwood  et  al.  (2000)  found  substantial  variation 
among  soybean  genotypes  in  their  constitutive  and 
induced  antifeedant  resistance  to  E.  varivestis.  but  the 
levels  of  these  two  forms  of  resistance  were  uncorre- 
lated among  varieties. 

Non-pest  as  well  as  pest  populations  of  Epilaclma  can 
reach  high  numbers  and  defoliate  their  host  plants, 
with  consequences  for  the  number  of  beetles  in  future 
generations  (e.g.  Koji  & Nakamura  2002).  Food  rela- 
tionships therefore  play  a central  role  in  the  population 
dynamics  of  herbivorous  ladybirds,  especially  among 
introduced  populations  that  are  subject  to  reduced 
pressure  from  natural  enemies  and  that  reach 
especially  high  abundance  (Ohgushi  & Sawada  1998). 
At  such  high  abundance,  there  is  strong  intraspecific 
competition  among  larvae  as  they  defoliate  their  host 
plants,  leading  to  reduced  overwintering  survival  with 
decreasing  adult  size  (Ohgushi  & Sawada  1995, 
Ohgushi  1996).  Food  relationships  can  also  underlie 
major  changes  in  population  dynamics  associated 
with  the  shift  of  Epilaclma  species  from  wild  hosts 
to  potatoes.  Shirai  and  Morimoto  (1997,  1999) 
documented  key  life  history  changes,  including 
larger  adult  body  size,  higher  fecundity,  faster  larval 
development  and  reduced  life  span,  associated  with 
such  host  shifts. 

In  contrast  to  the  Epilachninae,  which  feed  on  veg- 
etative parts  of  plants,  the  isolated  genus  Bulaea 
displays  a more  specialized  form  of  phytophagy.  Capra 


(1947)  reported  that  B.  lichatschovi  and  its  close 
relatives  were  ‘predominantly  if  not  exclusively’  pol- 
linivorous  both  as  larvae  and  adults,  with  a preference 
for  Chenopodiaceae.  Others  (Dyadechko  1954,  Bielaw- 
ski  1959,  Savoiskaya  1966,1970b)  also  consider 
B.  lichatschovi  as  phytophagous.  Savoiskaya  (1966, 
1970b)  reported  this  species  as  pollinivorous  on 
a variety  of  plants  (Euphorbia.  Artemisia.  Eurotia. 
Atriplex.  Nitraria.  Tamarix  and  Clematis)  in  Kazakhstan. 
Savoiskaya  (1970)  further  reported  that,  in  central 
Asia,  this  species  fed  on  pollen  (of  Tamarix.  Euphorbia. 
Artemisia.  Eurotia  ceratoides  and  Atriplex).  nectar 
(Nitraria.  Clematis)  and  leaves  of  sugar  beet  and  young 
apple  trees.  Goidanich  (1943)  reported  pollinivory  in 
another  ladybird  genus,  Micraspis.  (See  also  5.2.9.) 

5.2.14  Food  of  mycophagous  Coccinellidae 

Although  Coccinellidae  are  taxonomically  related  to 
mostly  mycophagous  coleopteran  families,  ladybird 
mycophagy  (together  with  phytophagy,  aphidophagy 
etc.)  appears  to  be  derived  from  an  ancestral  cocci- 
dophagous  feeding  behaviour  (Giorgi  et  al.  2009). 
Sutherland  and  Parrella  (2009)  rightly  divide  myco- 
phagy of  coccinellids  into  facultative  (5.2.9)  and 
obligatory.  The  obligate  mycophagous  species  of  the 
genera  Psyllobora  (=Thea),  Vibidia,  Illeis  and 
Halyzia  belong  to  the  tribe  Halyziini,  now  Psylloborini 
(Vandenberg  2002).  They  feed  on  powdery  mildew 
(Erisyphaceae).  Species  of  these  genera  have  often  been 
mistakenly  considered  as  carnivorous  (see  Hodek 
1996).  Their  mycophagy  is  reflected  in  the  distinctive 
shapes  of  their  mandibles  (Kovaf  1996).  Davidson 
(1921)  checked  in  the  laboratory  that  these  fungi 
are  their  essential  food:  both  larvae  and  adults  of 
Psyllobora  vigintimaculata  died  when  offered  arthropod 
food  such  as  aphids,  coccids  and  spider  mites. 

Strouhal  (1926a,  b)  discussed  the  history  of  ecologi- 
cal and  morphological  differentiation  among  members 
of  the  tribe  Halyziini  and  its  consequences  for 
taxonomy.  Strouhal  also  compared  adult  and  larval 
mouthparts  among  species  in  detail,  and  reviewed 
observations  on  mycophagy.  Development  of  the  myco- 
phagous Illeis  koebelei  from  egg  to  adult  on  drone 
powder  (5.2.9)  was  possible,  but  the  adults  were  small 
and  did  not  oviposit  (Niijima  1979). Fig.  5.27  shows  the 
food  relations  of  this  species  (Takeuchi  et  al.  2000). 

Tytthaspis  sedecimpunctata  (tribe  Coccinellini) 
has  usually  been  reported  as  aphidophagous 
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Powdei'y  mildew  {host  plant) 

Apr  May  Jun  Jul  Aug  Sep  Oct  Nov 

Sphaerotheca  pannosa 

A 

{Rosa  midtiflora) 

A,L,P 

Oidium  sp. 

A,E,L,P 

{Pyracantha  coccinea) 

— - A,E,L,P 

Microsphaera  pulchra  var.  pulchra 

A,E,L,P 

{Benthamidia  florida) 

- - - A,E,L,P 

Sphaerotheca  fusca 

— A 

{Cosmos  sp.) 

Podosphaera  tridactyla  var.  tridactyla 

A,E,L,P  — 

{Prunus  sp.) 

- - - - A,E,L,P 

Phyllactinia  moricola 

A,E,L,P 

{Morus  australis) 

A,E,L,P 

Sphaerotheca  ciicurhitae 

A,E,L,P 

{Trichosanthes  kirilowii  vai.japonica) 

A,E,L,P  - - - - 

Figure  5.27  Seasonal  occurrence  of  Illds  koehelei  on  different  powdery  mildews.  Horizontal  bars,  observation  period.  A, 
adult;  E,  egg;  L,  larva;  P,  pupa.  Full  line,  1997;  broken  line,  1998  (modified  fromTakeuchi  et  al.  2000). 


(Dyadechko  1954,  Semyanov  1965,  Klausnitzer 
1966).  Based  on  observations  and  preliminary  experi- 
ments. Turian  (1969)  published  the  first  precise 
information  on  its  food,  demonstrating  that  this  species 
feeds  on  Erysiphaceae.  Adults  of  T.  sedecimpunctata 
seemingly  show  no  specificity  in  ingesting  various 
species  of  powdery  mildew.  Turian  { 1 9 6 9 ) also  observed 
Psyllobom  (=Thea)  vigintiduopunctata  larvae  and  adults 
feeding  on  various  Erysiphaceae,  and  proposed  the 
term  ’micromycetophagy’  to  describe  feeding  on  lower 
fungi.  Eor  additional  studies  of  ladybirds  feeding  on 
mildew  (along  with  pollen  and  aphids)  see  5.2.5. 

5.3  QUANTITATIVE  ASPECTS 
OF  FOOD  RELATIONS 

The  number  or  biomass  of  prey  consumed  by  larval 
and  adult  ladybirds  varies  widely  depending  on 
specific  circumstances  (e.g.  species  of  prey,  rearing 
temperature).  To  complete  their  larval  development, 
individuals  may  consume  from  100  to  well  over  1000 
aphids  of  various  species;  most  food  intake  (typically 
60-80%)  occurs  during  the  fourth  instar  (see  Hodek 
1996,  and  for  coccinellids  preying  on  scale  insects  part 

2.3  in  Hodek  & Honek  2009).  Adult  females,  especially 
when  ovipositing,  feed  more  than  males. 

Methodological  differences  probably  account  for 
some  of  the  variation  in  reported  consumption  rates  of 
ladybirds.  Baseline  consumption  may  be  estimated  by 
comparing  prey  mortality  in  cages  with  and  without 
predators  (e.g.  Hodek  1956),  and  by  distinguishing 


predation  mortality  from  other  causes  (e.g.  Kaddou 
1960).  In  some  cases,  the  weight  of  prey  consumed 
has  been  recorded  (e.g.  Blackman  1967,  Ives  1981b, 
Ferran  et  al.  1984a,  b);  however,  care  must  then 
be  taken  to  consider  changes  in  prey  weight  by 
dehydration.  Isotope  labelling  (Ferran  et  al.  1981)  and 
indirect  measurement  by  faecal  production  (Honek 
1986)  are  useful  additional  methods.  It  is  difficult  to 
relate  consumption  rate  to  faecal  production  rate 
quantitatively  without  detailed  information  on  diges- 
tion. The  weight  of  faeces  produced  by  C.  septempimctata 
individuals  following  collection,  however,  provides  an 
informative  index  of  consumption  rates  of  ladybirds 
in  the  field  (Honek  1986).  Consumption  rates  can  also 
be  estimated  from  field  observations  (e.g.  Latham  & 
Mills  2009),  or  by  assessing  the  hunger  level  of  field- 
collected  individuals.  ‘Hunger  curves’  were  drawn 
from  aphid  consumption  rates  of  C.  trifasciata  and  C. 
californica  after  females  or  males  were  starved  for  0-50 
hours,  and  then  field  hunger  levels  were  estimated  by 
measuring  their  rates  of  aphid  consumption  in  the 
laboratory  (Frazer  & Gilbert  1976,  Frazer  & Gill  1981; 
Fig.  5.28). 

New  molecular  techniques,  such  as  those  using 
species-specific  DNA  sequences,  can  identify  prey  eaten 
and  give  quantitative  estimates  (e.g.  Hoogendoorn  & 
Heimpel  2001).  Harwood  and  Obrycki  (2005)  have 
reviewed  the  diverse  methods  used  with  aphidophagous 
predators,  which  also  include  gut  dissection,  stable 
isotopes,  protein  analyses  (by  electrophoresis  and  use 
of  antibodies)  and  chromatography  to  detect  prey 
pigments  (5.1;  Chapter  10). 
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Starvation  time  (h) 

Figure  5.28  Hunger  curves  of  male  and  female  Coccinella 
californica  (from  Frazer  & Gill  1981). 


5.3.1  Effect  of  physical  factors 
on  consumption 

5. 3. 1.1  Daily  consumption  rate 

At  temperatures  favourable  for  growth  and  survival, 
the  consumption  rates  of  both  larvae  and  adults  gener- 
ally increase  with  increasing  temperature,  and  are 
correlated  with  the  increase  in  developmental  rate 
(Hodek  1996).  Adults  of  Delphastus  catalinae  consumed 
increasing  numbers  per  day  of  eggs  and  nymphs  of 
the  sweet  potato  whitefly  Bemisia  tabaci  as  ambient 
temperature  increased  from  14  to  35°C  (Simmons  & 
Legaspi  2004).  Similar  results  were  reported  for  larvae 
and  adults  of  Hip.  convergens  attacldng  eggs  of  the 
cotton  bollworm  Helicoverpa  zea  (Parajulee  et  al.  2006) 
and  for  larvae  of  Hip.  convergens  and  C.  septempunctata 
consuming  adult  Myzus  persicae  nicotianae  from 
tobacco  (Katsarou  et  al.  2005).  The  number  of  prey 
(first  and  second  instars  of  Leptinotarsa  decemlineata) 
killed  per  day  by  larvae  and  adults  of  Col.  maculata 
increased  linearly  with  temperature  ( 1 0-3  0°C)  (Giroux 
et  al.  1995). 

At  excessively  high  temperatures,  ladybird  foraging, 
development  and  survival  are  adversely  affected 
(e.g.  Alikhan  & Yousef  1986,  Huang  et  al.  2008, 
Taghizadeh  et  al.  2008).  Consumption  rates  of  fourth 
instars  and  adults  of  Har.  axyridis  were  reduced  at  high 
temperature  over  the  range  of  10-30°C,  especially  for 
the  darker  morph  nigra,  and  the  thermal  optimum 
(near  25°C)  was  3.7°C  lower  for  adults  (but  not 


larvae)  of  this  morph  (Soares  et  al.  2002,  Fig.  5.29). 
Overall,  the  larger,  darker  (melanic)  adults  of  the 
nigra  morph  appeared  better  adapted  for  cold  regions, 
where  this  morph  prevails  in  frequency  over  the  aulica 
morph. 

At  temperatures  below  the  development  threshold, 
coccinellids  cease  to  consume  prey  (e.g.  at  7.5°C  for 
Col.  maculata,  Giroux  et  al.  1995).  Ricci  et  al.  (2006) 
studied  the  foraging  behaviour  of  adult  Chil.  kuwanae 
preying  on  overwintering  females  of  the  scale  insect 
Unaspis  euonymi  on  Euonymus  japonicus.  The  ambient 
temperature  was  gradually  reduced  from  15  to  2°C 
(exposing  the  beetles  to  each,  successively  lower, 
temperature  for  10  days),  before  the  final  increase  to 
15°C.  With  the  lowering  of  temperature,  the  adults 
consumed  scales  at  a gradually  reduced  rate  and  at  4 
and  2°C  they  consumed  almost  no  prey  but  continued, 
at  reduced  rates,  to  lift  scale  covers  without  consuming 
the  scales;  such  scales  then  died. 

5. 3. 1.2  Total  food  consumption 

Hodek  (1996.  pp.  204-205)  concluded  from  a review 
of  the  literature  that,  in  general,  the  total  food 
consumption  during  the  entire  larval  development 
tends  to  remain  relatively  constant  over  a wide  range 
of  constant  temperatures.  Coccinellids  appear 
similar  to  other  insects  in  this  respect  (see  Rubner 
1908,  cited  in  Allee  et  al.  1949).  Katsarou  et  al.  (2005) 
reported  highest  larval  prey  consumption  both  in  Hip. 
convergens  and  C.  septempunctata  at  23°C  versus  at  14, 
17  and  20°C.  In  A.  bipunctata  total  larval  food  intake 
(mg  wet  weight)  declined  from  65  mg  at  15°C  to  52  mg 
at  25°C  when  larvae  received  an  excess  of  Sitobion 
avenae.  When  the  larvae  were  provided  with  a limited 
number  of  aphids,  however,  the  intake  was  highest  at 
intermediate  temperature  (28  mg  at  20°C)  (Schuder 
et  al.  2004). 

The  consumption  patterns  of  coccinellids  have 
mostly  been  studied  at  constant  temperatures.  Hodek 
(1957a),  however,  found  that  total  larval  food 
consumption  was  doubled  when  larvae  of  C.  septem- 
punctata developed  at  naturally  fluctuating  summer 
temperatures.  Sundby  (1966)  found  no  difference 
in  the  amount  of  food  consumed  by  larvae  of  C. 
septempunctata  under  more  limited  alternation  between 
only  16  and  21°C  (the  control  was  constant  16  or 
21°C),  but  such  alternating  conditions  nonetheless 
resulted  in  heavier  pupae  (R.A.  Sundby  unpublished. 
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Figure  5.29  Relative  consumption  rate  (RCR),  at  varying  temperatures,  of  larval  Harmonia  axyridis  aulica  (A)  and  nigra  (B), 
and  adult  aulica  (C)  and  nigra  (D)  (after  Soares  et  al.  2002). 


in  Ellingsen  1969).  Temperatures  fluctuating  between 
8 and  28°C  resulted  in  an  increase  (10.6%  more  than 
at  constant  18°C)  in  total  food  consumption  by  larvae 
of  A.  bipunctata  (Ellingsen  1969).  An  important 
increase  in  food  intake  at  alternating  temperatures  was 
also  found  in  females  of  Chil.  nigritus  (Ponsonby  & 
Copland  2000;  Table  5.29). 

Although  little  studied,  humidity  probably  affects 
food  consumption  by  ladybirds.  Coccinellids  may  com- 


pensate for  high  evaporative  water  loss  by  consuming 
more  prey  with  a high  water  content:  Hodek  et  al. 
(1965)  found  indications  of  increased  consumption  of 
aphids  in  C.  septempimcata  at  low  relative  humidities  in 
the  air.  Eoods  with  a low  water  content  (e.g.  pollen) 
may  become  unsuitable  for  ladybirds  when  free  water 
is  not  available  and  humidity  is  low.  There  was  no  cor- 
relation, however,  between  initial  water  content  of  dif- 
ferent foods  and  survivorship  of  larvae  of  Col.  maculata, 
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Table  5.29  Significantly  higher  food  intake  at  alternating  temperatures:  effect  of  temperature  on  number  and  weight  of 
pre-ovipositing  adult  female  Ahgrallaspis  cyanophijlh  eaten  in  a 24-hour  period  by  adult  Chilocoms  nigritus  2 to  6 weeks  after 
eclosion  (modified  after  Ponsonby  & Copland  2000). 


Temperature  (°C) 

Predator 

Mean  number  eaten  (±SD) 

Estimated  weight  eaten  (mg) 

15 

Female 

1.94  (2.89)  a 

0.394 

Male 

1 .28  (1 .45)  a 

0.259 

20 

Female 

3.94  (1 .83)  b 

0.801 

Male 

4.00  (1.45)  b 

0.812 

26 

Female 

8.83  (4.11)  c 

1.793 

Male 

5.17  (2.28)  bd 

1.049 

30 

Female 

7.17  (3.31)  c 

1.455 

Male 

6.94  (3.44)  cd 

1.409 

14/30  (12h/12h) 

Female 

12.33  (4.92)  e 

2.504 

Male 

7.22  (2.49)  c 

1.466 

Means  with  the  same  letter  within  the  column  are  not  significantly  different  (LSD  at  5%  level  = 1.9616). 
n = 18  males  and  18  females  at  each  temperature  level. 


when  reared  under  simulated  drought  conditions 
(Michaud  & Grant  2005). 


5.3.2  Effect  of  prey  density  on 
consumption:  functional  response 

Pioneering  ecologists  distinguished  key  aspects  of 
predation  as  it  may  influence  prey  population  dynam- 
ics. Solomon  (1949,  1964)  defined  the  concept  of  a 
predator’s  functional  response  as  the  rate  of  prey 
consumption  (i.e.  number  of  prey  consumed  per  unit 
time)  as  a function  of  prey  density.  Solomon  also 
defined  the  numerical  response,  i.e,  the  change  in 
numbers  of  predators  occurring  (through  immigra- 
tion or  aggregation  and  reproduction)  in  response  to  a 
prey  density.  A crucially  important  development  was 
Holling's  (1959a,  b,  1965)  proposal  of  three  basic 
types  of  functional  response  which  reflect  that  the 
number  of  prey  consumed  by  a predator  as  prey  density 
increases  may  increase  linearly  (type  I),  in  a decelerat- 
ing fashion  (type  II)  or  in  a sigmoidal  fashion  (type  III). 

In  recent  years,  functional  responses  have  been 
viewed  broadly  as  the  rate  of  prey  consumption  of  an 
individual  predator  (Abrams  & Ginzburg  2000)  and 
often  studied  in  coccinellids.  The  functional  response 
can  then  be  modelled  as  it  varies  not  only  with  prey 
density,  but  also  with  other  interacting  factors  (which 
may  influence  predator  foraging)  such  as  predator 
density  (including  in  combination  with  dependence  on 


the  prey  density  to  yield  a ratio;  e.g,  Arditi  & Ginzburg 
1989,  Mills  & Lacan  2004,  Schenk  et  al.  2005), 
densities  of  alternate  prey  (e,g,  Tschanz  et  al.  2007), 
densities  of  the  predator's  natural  enemies  (e,g.  Krivan 
& Sirot  2004),  foraging  substrate  and  abiotic  condi- 
tions (e.g,  temperature;  Jalali  et  al.  2010,  Khan  & Khan 
2010), 

Most  commonly  ladybirds  are  studied  foraging  singly 
in  simple  laboratory  arenas,  or  less  commonly  on 
caged  host  plants  in  the  field,  to  estimate  the  number 
of  prey  consumed  in  response  to  experimentally 
varied  densities  of  available  prey.  From  these  data,  the 
functional  response  is  then  characterized  to  type. 

The  most  common  form  for  ladybirds  is  the  type 
II  functional  response  (Table  5.30).  But  simple  ex- 
trapolation of  laboratory  estimates  to  field  settings  is 
questionable  (e.g.  O’Neil  1989,  1997),  For  example. 
Col.  macidata  larvae  ate  Colorado  potato  beetle  eggs 
on  caged  potato  plants  in  the  field  at  only  about  half 
the  rate  as  they  did  on  excised  potato  leaves  in  the 
laboratory;  in  both  settings,  however,  a type  II  response 
was  observed  (Munyaneza  & Obrycki  1997), 

In  some  instances,  ladybirds  have  shown  type  III 
responses  (e,g,  Sarmento  et  al.  2007)  that  may  arise 
from  predator  learning  (e.g.  as  in  prey-switching; 
5.2.5),  and  such  a response  has  the  potential  to 
stabilize  predator-prey  interactions  (Hassell  1978). 
In  a laboratory  experiment,  Murdoch  and  Marks 
(1973)  tested  for  prey-switching  in  C.  septempunctata 
when  presented  with  varying  ratios  of  two  prey 
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Table  5.30  Examples  of  experimental  studies  of  functional  responses,  illustrating  both  the  settings  and  foraging  substrates, 
and  the  prey  attacked  by  the  predators.  Results  are  characterized  by  basic  response  type,  as  concluded  by  the  authors.  ‘Petri 
dish’  or  ‘Cage’  indicates  an  absence  of  plant  material. 


Coccinellid  species 

Prey  species 

Setting 

Response  type 

Reference 

Adalia  bipunctata 

Myzus  persicae 

Petri  dish 

II 

Jalall  et  al. 
(2010) 

Aphidecta  obliterata 
(adults) 

Elatoblum  abietinum 

Petri  dish  (lab) 

II 

Day  et  al. 
(2006) 

Aphidecta  obliterata  (4th 
instars  and  adults) 

Elatoblum  abietinum 

Spruce  section 

II 

Timms  et  al. 
(2008) 

Coccinella 

septempunctata 

Macrosiphum 

euphorbiae 

Rose  leaves  (lab) 

II 

Deligeorgidis 
et  al.  (2005) 

(adults) 

Coccinella 

undecimpunctata  (4th 

Myzus  persicae 

Cage  (lab) 

II 

Cabral  et  al. 
(2009) 

instars  and  adults) 

Coleomegilla  maculata 
(4th  instars) 

Leptinotarsa 
decemlineata  eggs 

Petri  dish  (lab) 
Potato  plants 
(greenhouse,  field) 

II 

Munyaneza  and 
Obrycki 
(1997) 

Delphastus  pusillus 
(female) 

Bemisia  tabaci 
nymphs 

Cotton  leaves  (lab) 

II 

Guershon  and 
Gerling 
(1999) 

Eriopis  connexa  (female) 

Macrosiphum 
euphorbiae 
Tetranychus  evansi 

Cage  (lab) 
Cage  (lab) 

III 

II 

Sarmento  et  al. 
(2007a) 

Harmonia  axyridis 
(larvae  and  adults) 

Aphis  gossypii 

Cucumber  leaves 
(lab) 

II 

Lee  and  Kang 
(2004) 

Harmonia  axyridis 

Danaus  plexippus 

Petri  dish  (lab) 

II 

Koch  et  al. 

(larvae  and  adults) 

eggs  and  larvae 

larvae  eating  eggs 
and  larvae,  adults 
eating  eggs 

1 

(2003) 

Harmonia  conformis 

Eriosoma  lanigerum 

Petri  dish  (lab) 

II 

Asante  (1 995) 

(adults  and  larvae) 

Harmonia  dimidiata 
(females) 

Cervaphis  quercus 

Cage  (lab) 

II 

Agarwala  et  al. 
(2009) 

Orcus  australasiae 

Eriosoma  lanigerum 

Petri  dish  (lab) 

II 

Asante  (1 995) 

(adults) 

Propylea  dissecta 
(larvae  and  adults) 

Aphis  gossypii 

Leaves  of  Lagenaria 
vulgaris  (lab) 

II 

Omkar  and 
Pervez  (2004) 

Propylea 

quatuordecimpunctata 

(adults) 

Diuraphis  noxia 

Petri  dish  (lab) 
Indian  rice  grass 
(lab) 

Crested  wheatgrass 
(lab) 

II 

II 

III 

Messina  and 
Hanks  (1998) 

Scymnus  creperus 
(larvae  and  adults) 

Aphis  gossypii 

Cotton  leaves  (lab) 

II 

Wells  et  al. 
(2001) 

Stethorus  tridens 
(females) 

Tetranychus  evansi 

Solanum  leaves 

II 

Britto  et  al. 
(2009) 
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(Acyrthosiphon  pisum  and  Aphis  fahae)  which  occur  in 
different  microhabitats.  That  these  authors  failed 
to  find  evidence  for  prey-switching  re-inforced  the 
consensus  that  the  functional  responses  of  ladybirds 
are  most  likely  to  be  type  fl. 

The  behavioral  mechanisms  underlying  a given 
functional  response  are  sometimes  examined  explicitly, 
but  more  often  are  simply  inferred  by  extracting  esti- 
mates from  a standard  model  applied  to  experimental 
data.  Type  ft  responses  are  typically  fitted  (most  often 
following  polynomial  regression)  using  Holling’s 
(1966)  disc  equation,  or  Rogers'  (1972)  variant  for 
the  disc  equation  when  consumed  prey  are  not  replaced 
(e.g.  see  Parajulee  et  al.  2006).  Attack  coefficients 
and  handling  time  are  then  estimated  as  assumed 
constants  across  the  range  of  prey  densities  studied. 
However,  the  mechanistic  basis  of  a type  II  (or  III) 
functional  response  is  often  far  from  clear  (e.g.  Holling 
1966,  Mills  1982a,  van  Rijn  et  al.  2005),  despite 
widespread  use  of  such  assumed  constants.  Models 
incorporating  these  assumptions  therefore  may  serve 
better  for  simulating  population  dynamics  than  for 
understanding  the  foraging  behaviour  of  predators 
that  in  fact  underlies  these  dynamics. 

Foraging  ladybirds  in  fact  may  spend  less  time 
handling  and  processing  individual  prey  as  prey 
density  increases,  either  because  the  predator  proc- 
esses prey  more  quickly  or  because  it  consumes  less  of 
each  prey.  Particularly  in  the  latter  case,  this  can 
increase  the  ‘killing  power'  of  the  predator.  The 
handling  time  of  adults  of  the  mite-feeding  Stethorus 
hifldus.  for  example,  decreases  at  increased  densities 
of  Tetranychus  lintearius  as  the  predator  extracts  less  of 
the  killed  prey  contents  (Peterson  et  al.  2000;  Fig. 
5.30).  Because  this  promotes  an  increase  in  the 
proportion  of  the  prey  killed  as  prey  density  increases, 
the  predator  may  contribute  to  the  regulation  of  prey 
numbers. 

The  nature  of  the  host  plant  as  a substrate  for 
foraging  may  interact  with  prey  density  to  influence  a 
ladybird’s  functional  response  (Guershon  & Gerling 
1999,  Siddiqui  et  al.  1999;  5. 4. 1.1).  Larvae  of  Hip. 
convergens  foraging  for  Acyrthosiphon  pisum  on  normal 
or  reduced-wax  bloom  pea  varieties  had  different  type 
If  responses  as  the  instantaneous  search  rate  was 
higher  on  reduced-wax  bloom  plants  (Rutledge  & 
Eigenbrode  2003).  Most  probably  the  predator  was 
better  able  to  attach  to  plants  with  reduced-wax  bloom, 
and  its  search  rate  was  elevated.  Handling  time  of  prey. 


Number  of  T.  lintearius  per  177mm^  cell 

Figure  5.30  The  handling  time  (top)  and  (bottom)  the 
index  of  extraction  (reflecting  the  proportion  of  body 
contents  removed  from  an  individual  prey)  of  Stethorus 
hifidus  adults  foraging  at  different  densities  of  the  mite 
Tetranychus  lintearius  (from  Peterson  et  al.  2000). 


however,  did  not  differ  between  pea  plants  with  reduced 
wax  and  normal  wax  bloom. 

The  foraging  substrate  can  even  shift  the  basic 
nature  of  the  functional  response.  Messina  and  Hanks 
(1998)  found  that,  in  attacking  the  Russian  wheat 
aphid  Diuraphis  noxia,  P.  quatiwrdecimpimctata  fol- 
lowed a type  If  response  on  Indian  ricegrass  {Oryzopsis 
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hymenoides),  but  type  III  on  crested  wheatgrass 
{Agwpyron  desertonim).  As  prey  density  increased  on 
the  wheatgrass,  a decreasing  proportion  of  the  aphids 
apparently  occurred  in  locations  (e.g.  within  rolled 
leaves)  where  they  escaped  the  predators. 

Through  their  effects  on  prey  quality,  host  plants 
may  additionally  influence  the  functional  responses 
of  predators.  In  Petri  dish  pairings  of  larvae  of  C. 
septempunctata  with  varying  densities  of  aphid  nymphs 
of  Lipaphis  pseudobrassicae,  Kumar  et  al.  (1999) 
recorded  differences  in  the  rate  with  which  percentage 
prey  consumption  decreased  with  an  increase  in 
prey  density  for  prey  reared  on  Brassica  campestris,  B. 
oleracea  or  Rhaphanus  sativus.  For  each  of  these  three 
prey,  however,  the  predator’s  functional  response  was 
type  II. 

The  activity  of  other  predators  may  also  influence 
a predator's  functional  response,  as  formalized  in  the 
concept  of  mutual  interference  (Hassell  1978).  The 
searching  efficiency  of  C.  septempunctata  females 
decreased  linearly  with  an  increase  in  density  of  con- 
specifics  (Siddiqui  et  al.  1999).  A similar  effect  was 
recorded  for  P.  dissecta  (Omkar  & Pervez  2004). 

The  availability  of  co-occurring  prey  may  further 
influence  a predator’s  functional  response  through 
prey  selection.  Typically,  the  predator  consumes 
fewer  alternative  prey  when  an  essential  prey  is  also 
available  (5.2.7).  Hazzard  and  Ferro  (1991)  found  in 
the  laboratory,  and  Mallampalli  et  al.  (2005)  in  field 
cages,  that  Col.  maculata  consumed  fewer  Colorado 
potato  beetle  eggs  (its  alternative  prey:  Snyder  & Clev- 
enger 2004)  when  essential  prey,  Myzus  persicae  was 
present.  Coleomegilla maculata andHar.  axyridis attacked 
fewer  eggs  of  Ostrinia  nubilalis  when  Rhopalosiphum 
maidis  were  present  (Musser  & Shelton  2003). 


Additional  examples  are  provided  by  Lucas  et  al. 
(2004)  and  Koch  et  al.  (2005),  as  discussed  further  by 
Evans  (2008). 

Prey  activity  may  influence  the  relative  amounts  of 
co-occurring  prey  consumed.  Har.  axyridis  selected 
Tetranychus  urticae  and  not  the  cicadellid  Hyaliodes  vit- 
ripeimis  that  could  defend  itself,  but  selected  the  latter 
as  the  better  prey  when  it  had  been  immobilized 
(Provost  et  al.  2006). 


5.3.3  Effects  of  consumption  on  growth 
and  reproduction 

5.3.3. 1 Larval  development 

Predaceous  ladybirds  often  have  to  cope  with  prey  scar- 
city, including  its  intermittent  absence.  In  particular, 
aphidophagous  species  have  a pronounced  ability  to 
adjust  to  this.  Larval  development  can  be  completed 
even  when  rates  of  prey  consumption  are  very  low; 
larvae  of  C.  septempunctata  allowed  to  consume  only 
33^40%  of  the  number  of  aphids  consumed  when 
provided  in  excess  still  completed  their  development 
(Hodek  1957,  Sundby  1966).  Nonetheless,  reduced 
rates  of  prey  consumption  result  in  slower  develop- 
ment and  greater  mortality  (both  of  larvae  and  adults) 
(Phoofolo  et  al.  2008:  Table  5.31)  as  well  as  lower 
weights  and  smaller  sizes  of  pupae  and  adults  (for 
earlier  papers  see  Hodek  1996).  The  number  of  ovari- 
oles  may  also  vary  among  adult  ladybird  females  as  a 
function  of  larval  food  consumption  (Rhamhalinghan 
1985,  Dixon  & Guo  1993). 

Variable  prey  quality  similarly  affects  larval  growth 
and  development  (e.g.  Smith  1965a,  b,  Obrycki  & Orr 


Table  5.31  Effect  of  food  deprivation  in  the  fourth  instars  on  the  completion  of 
development  to  adults  in  three  ladybird  species  (modified  after  Phoofolo  et  al.  2008). 


Food  deprivation 
period  (days) 

Coleomegilla 

maculata 

Harmonia 

axyridis 

Hippodamia 

convergens 

n 

% female 

n 

% female 

n 

% female 

0 

20 

50.0 

15 

71.4 

10 

50.0 

1 

19 

42.1 

16 

50.0 

12 

50.0 

2 

20 

55.0 

16 

62.5 

12 

50.0 

3 

11 

18.2 

10 

10.0 

13 

30.8 

Number  of  consecutive  days  of  the  fourth  instar  during  which  lady  beetle  larvae 
were  deprived  of  food  until  they  either  pupated  or  died. 
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Figure  5.31  Mean  growth  rates  of  weight,  pronotum  width  and  head  width  of  Harmonia  axijridis  larvae  provisioned  with 
high  food  availability,  following  an  initial  six-day  period  (upon  egg  hatch)  of  low  (open  circles)  or  high  (filled  circles)  food 
availability.  Growth  rates  were  based  on  measurements  made  at  the  end  of  the  initial  period  and  at  eclosion  (from  Dmitriew  & 
Rowe  2007). 


1990,  Giles  et  al.  2002,  Onikar  & James  2004:  5.2). 
The  quality  and  quantity  of  prey  consumed  may  have 
interactive  effects.  Phoofolo  et  al.  (2007)  reared  larvae 
of  Hip.  convergens  on  ad  libitum  versus  limited  (4  mg  per 
day)  quantities  of  Schizaphis  graminum  and  Rho- 
palosiphum  padi,  both  aphids  from  winter  wheat.  The 
larvae  grew  at  the  same  rates  on  ad  libitum  diets  of  the 
two  aphids,  but  the  development  of  fourth  instars  was 
slowed  significantly  more  on  limited  diets  of  R.  padi 
than  of  S.  graminum. 

Different  species  of  ladybirds  differ  in  their  develop- 
mental responses  to  increasing  availability  of  a given 
prey  species  (e.g.,  Phoofolo  et  al.  2008,  2009).  When 
provided  variable  quantities  of  Acyrthosiphon  pisum, 
larvae  of  Anatis  mali  were  more  flexible  than  larvae  of 
Col.  maculata  in  adjusting  their  rates  of  develop- 
ment and  their  adult  weight.  Thus,  with  reduced  prey 
consumption,  larvae  of  A.  mali,  but  not  of  Col.  macu- 
lata, were  able  to  convert  a greater  percentage  of  food 
consumed  into  body  weight  (Smith  1965b). 

Smith’s  (1965a)  study  illustrates  the  considerable 
flexibility  in  developmental  responses  that  ladybirds 
show  to  varying  prey  quantity  and  quality.  Further- 
more, as  shown  by  a split-brood  full-sib  experiment 
with  families  of  Hai:  axyridis  larvae  that  were  provided 
with  aphids  or  an  artificial  diet,  such  phenotypic 
plasticity  in  developmental  time,  adult  size,  and  other 
characters,  can  have  a strong  underlying  genetic  basis 
(Grill  et  al.  1997),  and  thus  quite  plausibly  can  be 


shaped  by  natural  selection.  Dmitriew  and  Rowe 
(2007:  Fig.  5.31)  investigated  the  lifetime  conse- 
quences for  Har.  axyridis,  and  the  compensatory 
ability  of  older  larvae,  in  response  to  temporary  food 
shortage  early  in  development.  First  and  second  instars 
received  abundant  prey  (A.  pisum)  but  only  on  alter- 
nate days.  As  third  instars,  they  were  fed  continuously. 
Then  following  diet  restriction,  the  larvae  grew  more 
slowly  and  achieved  smaller  weights  and  sizes  than  did 
continuously  fed  larvae.  But  when  ample  food  was 
restored,  the  diet-restricted  individuals  fully  compen- 
sated for  lost  growth,  and  achieved  the  same  weight 
and  size  at  adult  eclosion  as  the  control.  Compensation 
arose  both  through  extended  time  until  pupation  and 
accelerated  larval  growth  rates.  Thus,  temporary  food 
shortage  and  compensatory  larval  responses  thereaf- 
ter resulted  in  a small  lifetime  fitness  cost  in  terms  of  a 
prolonged  larval  period,  greater  larval  mortality  and 
more  rapid  death  when  food  was  removed  100  days 
after  experimental  subjects  reached  adulthood.  Lon- 
gevity, lifetime  female  fecundity  and  male  mating 
success  of  adults  that  had  been  subjected  to  diet  restric- 
tion as  larvae  were  unaffected. 

5. 3. 3. 2 Adult  performance 

The  foods  consumed  by  adult  lady  beetles  can  vary 
greatly  in  quality  (5.2)  as  reflected  both  in  how  much 
they  promote  longevity  (e.g.  Omkar  & James  2004), 
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and  in  how  well  they  support  reproduction  (e.g.  (a) 

Omkar  & James  2004,  Michaud  & Qureshi  2005). 

Effects  of  the  foods  depend  on  the  physical  conditions 
(e.g.  temperature  or  humidity;  e.g.  Michaud  & Grant 
2004)  and  on  their  consumption  as  either  sole  diet  or 
as  part  of  a mixed  diet  (e.g.  Evans  et  al.  1999,  Soares 
et  al.  2004:  5.2.5).  Furthermore,  the  suitability  of  a 
particular  food  for  reproduction  versus  larval  develop- 
ment may  be  quite  different  (Michaud  2005),  and  its 
suitability  for  reproduction  may  vary,  depending  on  the 
diet  experienced  previously  during  the  larval  stages 
(Michaud  & Jyoti  2008). 

Egg  laying  depends  on  the  quantity  of  consumed 
food  of  a given  type  (review  of  earlier  evidence  in 
Hodek  1996).  Ives  (1981a,  b)  found  that  females  of  C. 
trifasciata  and  C.  californica  did  not  produce  eggs  at  very 
low  rates  of  aphid  consumption.  Above  a threshold 
(presumably  set  by  the  need  for  self-maintenance),  egg 
production  increased  linearly  with  increasing  aphid 
consumption  (see  also  Ibrahim  1955  and  Ferran  et  al. 
1984b).  Decreased  egg  laying  and  increased  incidence 
of  oosorption  was  studied  in  relation  to  temporary  food 
restriction  in  Hannonia  axyridis  (Osawa  2005,  see  also 
Kajita  & Evans  2009;  Fig.  5.32). 

When  self-maintenance  needs  in  C.  septempimctata 
were  met  by  alternative  prey  (weevil  larvae),  the 
females  produced  more  eggs  with  lower  aphid  con- 
sumption than  in  the  absence  of  the  alternative  prey 
(Evans  et  al.  2004).  Such  a complementary  pattern  of 
egg  production  at  very  low  levels  of  essential  food  may 
enable  mobile,  widely  searching  ladybird  females  to 
oviposit  quickly  upon  discovery  of  local  patches  with 
favourable  prey  conditions  for  their  offspring  (Evans 
2003). 

5.3.4  Conversion  and  utilization  of 
consumed  food 

Larvae  of  Hai:  axyridis  compensated  for  earlier  food 
shortages  by  accelerating  their  growth  rates  when 
given  the  same  amount  of  food  as  well  fed  controls 
throughout  larval  development  (Dmitriew  & Rowe 
2007;  5. 3. 3.1).  Thus  it  appears  that  the  food  conver- 
sion rate,  or  ECI  (efficiency  of  conversion  of  ingested 
material  (Waldbauer  1968):  i.e.  percentage  of  con- 
sumed prey  biomass  converted  into  predator  biomass) 
varied  with  food  conditions,  so  as  to  reduce  the  adverse 
effects  of  food  shortage  (see  also  Smith  1965).  Food 
conversion  rates  of  A.  hipunctata  larvae  consuming 


rra 

n.s.  n.s. 


24  h 48  h 


(b) 


24  h 48  h 

Figure  5.32  Effect  of  temporary  (24-  and  4 8 -hour) 
starvation  and  resumed  24-hour  feeding  (after  24-hour 
starvation)  on  (a)  incidence  of  oosorptive  individuals,  and 
(b)  egg  laying;  for  (a),  statistical  differences  at  P = 0.01, 

P = 0.001.  P = 0.0001  and  P > 0.05  in  a test  on  the 
number  of  individuals  indicated  by  horizontal  bars  with 
signs  above;  for  (b)  vertical  lines  indicate  SE,  and  different 
letters  indicate  statistical  differences  at  P = 0.05  using 
Scheffe’s  range  test  (modified  from  Osawa  2005). 


Sitohion  avenae  increased  to  34-40%  from  22-29% 
(wet  weight)  when  the  predators  received  a reduced 
number  of  aphids,  only  25%  of  what  larvae  ate  when 
they  were  offered  aphids  ad  libitum  (Schuder  et  al. 
2004).  Similar  increased  rates  of  ECI  at  low  levels 
of  food  consumption  were  found  in  aphidophagous 
mirids  and  chrysopids  (Glen  1973,  Zheng  et  al.  1993). 
Aphidophages  thus  apparently  feed  with  less  than  full 
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efficiency  of  conversion  at  high  prey  levels,  although 
the  fitness  benefits  of  so  doing  are  not  yet  clear 
(Dmitriew  & Rowe  2007). 

Food  conversion  rates  of  ladybirds  can  also  vary  for 
a given  prey  depending  on  the  age  of  the  predator,  the 
morph  of  the  prey,  and  the  host  plant  on  which  the 
prey  feeds.  Fourth  instars  of  Scymnus  levaillanti  and 
Cydoneda  sanguima  that  fed  on  Aphis  gossypii  had  lower 
ECIs  (approximately  50%  and  20%,  respectively,  of  dry 
weight)  at  several  temperatures  than  did  earlier  instars. 
This  may  reflect  the  metabolic  costs  of  preparation  for 
pupation  (Isikber  & Copland  2001).  Wipperfuerth  et  al. 
(1987)  reported  higher  egg  production  by  Hip.  conver- 
gens  feeding  on  apterous  virginoparous  nymphs  of 
Myzus  persicae  than  on  the  same  weight  of  alatiform 
gynoparous  ones.  Shannag  and  Obeidat  (2006)  found 
a higher  ECI  (19%  dry  weight  basis)  throughout  the 
larval  period  of  C.  septempimctata  when  feeding  on 
Aphis  fabae  from  susceptible  Vidafaba,  when  compared 
with  an  ECI  of  14%  on  aphids  from  a resistant 
cultivar. 

ECIs  differ  between  ladybird  species  in  their  nature 
of  feeding  and  type  of  prey.  The  higher  ECIs  of 
larvae  of  S.  levaillanti  than  of  C.  sanguima  when  both 
species  fed  on  cotton  aphids  reflects  greater  pre-oral 
digestion  in  S.  levaillanti  (Isikber  & Copland  2001;  see 
also  Cohen  1989  and  5.4.3).  Specty  et  al.  (2003) 
reported  a much  higher  ECI  of  eggs  of  E.  kuehniella 
(with  high  protein  and  lipid  content)  than  of  pea 
aphids  (with  high  carbohydrate  but  similar  water 
content)  by  fourth  instar  Har.  axyridis.  Mills  (1982a) 
hypothesized  that  better  assimilation  of  nutrients  in 
coccidophagous  versus  aphidophagous  ladybirds 
might  contribute  to  the  success  of  coccidophages  in 
biological  control.  Based  on  a literature  survey  of  con- 
version efficiencies  that  did  not  differ  between  aphido- 
phages  and  coccidophages  (varying  between  0.10  and 
0.30)  Dixon  (2000,  table  on  p.  206)  opposed  Mills’ 
(1982b)  hypothesis. 

In  general,  ECIs  depend  both  on  the  predator's  ability 
to  digest  and  assimilate  consumed  food  (e.g.  Mills 
1982b.  Bilde  &Toft  1999,  Bilde  et  al.  2000,  Jalali  et  al. 
2009a,  b,  Lundgren  2009,  Lundgren  & Weber  2010) 
and  on  the  allocation  of  assimilated  nutrients  towards 
maintenance,  growth  (biomass  accumulation)  and 
activities  such  as  foraging  and  reproduction  (e.g.  O’Neil 
& Wiedenmann  1987,  Nakashima  & Hirose  1999, 
Dixon  & Agarwala  2002,  Agarwala  et  al.  2008.  Kajita 
et  al.  2009).  When  maintained  on  a diet  of  Hypera 
postica  larvae  compared  with  a diet  of  pea  aphids,  adult 


females  of  Har.  axyridis  not  only  had  lower  rates  of 
consumption,  but  also  lower  rates  of  assimilation  of 
consumed  prey,  and  they  allocated  more  of  the  assimi- 
lated nutrients  and  energy  to  searching  (Evans  & 
Gunther  2005).  Both  rate  of  consumption  and  assimi- 
lation efficiency  (as  measured  by  the  weight  ratio  of 
faeces  produced  to  weight  of  aphids  consumed) 
decreased  (along  with  egg  production)  in  females  of 
Menodiilus  sexmaculatus.  C.  transversalis  and  Har. 
axyridis  (Dixon  & Agarwala  2002).  The  improved 
ability  of  ladybirds  to  grow  and  reproduce  given  a selec- 
tion of  different  prey  (Rana  et  al.  2002)  is  likely  to 
include  increased  assimilation  as  well  as  consumption 
of  prey. 

The  predator’s  utilization  of  consumed  food  will  also 
reflect  its  ability  to  balance  its  nutritional  needs  against 
the  nutritional  properties  of  its  prey.  Specty  et  al. 
(2003)  compared  the  body  composition  of  prey  and 
adults  of  the  polyphagous  Har  axyridis  when  reared  on 
eggs  of  E.  kuehniella  with  feeding  on  nymphs  and  adults 
of  pea  aphids.  The  biochemical  profiles  of  the  ladybird 
adults  reflected  those  of  the  prey:  adults  reared  on  eggs 
had  higher  protein  and  lipid  content  than  adults  reared 
on  aphids,  but  the  difference  in  body  composition  was 
less  marked  between  the  two  groups  of  predators  than 
between  the  two  types  of  prey. 

In  an  interesting  test  of  how  the  biochemical 
composition  of  prey  and  predator  may  influence  con- 
sumption patterns  of  ladybirds,  Kagata  and  Katayama 
(2006)  examined  nutritional  aspects  of  intraguild 
predation  by  Har  axyridis  and  C.  septempimctata 
(Chapter  7).  The  authors  addressed  the  hypothesis 
that  intraguild  predation  is  an  adaptive  response  to 
nitrogen  limitation  in  the  diet  (Denno  & Fagan 
2003).  These  two  ladybird  species  prey  on  each  other 
in  a strongly  asymmetric  fashion,  with  Har  axyridis 
acting  as  the  intraguild  predator  far  more  frequently 
than  C.  septempunctata  (e.g.  Yasuda  et  al.  2001,  2004). 
Kagata  and  Katayama  tested  predictions  that  Har. 
axyridis  has  higher  nitrogen  content  than  C.  septem- 
punctata when  both  feed  on  aphids,  and  that  Har. 
axyridis  has  lower  nitrogen-use  efficiency  than  C.  sep- 
tempunctata. Both  considerations  might  favour  greater 
intraguild  predation  by  Har.  axyridis,  such  that  the 
predator  could  capitalize  by  consuming  the  relatively 
nitrogen-rich  tissues  of  the  intraguild  prey  (versus 
nitrogen-poor  tissues  of  aphids):  however,  neither  pre- 
diction was  supported.  Hence,  it  does  not  appear  that 
nitrogen  shortage  promotes  the  strong  tendency  of 
Har.  axyridis  to  engage  in  intraguild  predation. 
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5.3.5  Aggregative  numerical  response 

5 . 3 . S . 1 Temporal  and  spatial  patterns 

The  collective  outcome  of  individual  ladybirds  search- 
ing for  prey  can  be  evaluated  by  examining  the  degree 
to  which  the  predators  concentrate  in  areas  of  high 
prey  density.  This  population-level  phenomenon  is  the 
aggregative  component  of  the  predators’  numerical 
response  to  varying  prey  density  (Solomon  1949, 
1964).  After  finding  a prey,  an  individual  ladybird 
increases  the  thoroughness  of  searching.  Its  move- 
ment becomes  slower,  often  with  turning  after  only  a 
short  distance.  This  change  from  extensive  to  intensive 
searching  (5. 4. 1.2)  has  generally  been  assumed  to  be 
the  basis  (or  at  least  one  of  the  important  mechanisms) 
of  the  aggregative  numerical  response. 

Having  highly  mobile  adults  which  range  widely 
across  landscapes,  ladybirds  are  well  known  to  aggre- 
gate (and  reproduce)  in  response  to  local  prey  density. 
Thus,  large  numbers  of  adults  often  occur  near  colo- 
nies of  prey  such  as  aphids  (e.g.  Banks  1956),  mites 
(e.g.  Hull  et  al.  1976)  and  chrysomelid  beetles  (e.g. 
Matsura  1976).  Numbers  of  aphidophagous  ladybirds 
(and  their  offspring)  generally  rise  and  fall  in  parallel 
with  changes  in  aphid  population  size,  although  the 
temporal  matching  is  often  less  than  perfect  (e.g.  Rad- 
cliffe  et  al.  1976.  Wright  & Laing  1980,  Frazer  & 
Raworth  1985,  Hemptinne  et  al.  1992,  Agarwala  & 
Bardhanroy  1999,  Osawa  2000,  Rana  2006,  Kajita 
& Evans  2010). 

Prey  density  varies  widely  over  time  and  space  at 
varying  scales.  Ladybirds  frequently  aggregate  most 
strongly  in  areas  within  a habitat  (e.g.,  within  an 
agricultural  field)  where  prey  are  most  abundant 
(Frazer  et  al.  1981,  Sakuratani  et  al.  1983,  Cappuc- 
cino 1988,  Turchin  & Kareiva  1989,  Obata  & Johki 
1990,  Giles  et  al.  1994.  Elliott  & Kieckhefer  2000, 
Osawa  2000,  Evans  & Toler  2007).  The  degree  of 
predator-prey  spatial  matching  within  a habitat  can 
vary  widely  over  the  growing  season.  Park  and  Obrycki 
(2004)  mapped  spatial  correlations  over  the  season 
between  the  local  abundance  of  Rhopalosiphum  maidis 
and  adults  and  larvae  of  Hai:  axyridis,  Col.  maculata 
and  C.  septempunctata).  Coccinellids  aggregated  at  sites 
of  local  aphid  abundance  during  the  peak  population 
period  (Park  & Obrycki  2004;  Fig  5.33). 

Ladybirds  also  aggregate  at  locally  high  concentra- 
tions of  their  prey  at  the  landscape  scale,  as  for 
example  shown  in  differences  among  crop  fields 


(Honek  1982,  Evans  & Youssef  1992,  Elliott  et  al. 
2002a.  b.  Brown  2004,  Evans  2004).  Ives  et  al.  (1993) 
found  that  individual  adults  of  C.  septempunctata 
and  Hip.  variegata  responded  very  weakly  to  aphid 
density  on  individual  stems  of  fireweed  (Chamerion 
angustifolium),  but  responded  from  moderately  to  very 
strongly  to  aphid  density  among  populations  of  firew- 
eed stems.  Similarly,  Schellhorn  and  Andow  (2005) 
found  that,  whereas  adults  of  A.  hipunctata  and  Hip. 
tredecimpimctata  responded  to  variation  in  aphid  abun- 
dance on  individual  corn  plants  within  10  m x 10  m 
plots.  Col.  maculata  adults  were  sensitive  to  spatial  vari- 
ation in  aphid  abundance  at  a larger  scale,  and 
responded  to  differences  in  aphid  numbers  between 
10m  X 10m  plots.  A fourth  species  (Hip.  convergens) 
responded  to  variation  in  aphid  abundance  at  both 
spatial  scales.  The  authors  noted  that  such  differing 
responses  among  the  four  ladybird  species  were  com- 
plementary, and  together  might  lead  to  greater  aphid 
suppression. 


3. 3. 5. 2 Modeling  of  aggregative  responses 

Kareiva  and  Odell  (1987)  parameterized  quantitative 
models  of  ladybird  movements  within  habitats  by 
using  field  observations  of  foraging  individuals  of  C. 
septempunctata  (e.g.  the  rate  with  which  the  beetles 
reversed  their  direction,  taken  as  a function  of  hunger 
level,  when  moving  along  linear  arrays  of  host  plants). 
From  these  models  of  individual  beetle  behaviour, 
the  authors  demonstrated  how  observed  aggregations 
of  the  predator  population  can  develop  at  local  patches 
of  high  prey  density.  In  addressing  a larger  spatial 
scale,  Krivan  (2008)  tested  alternate  models  of 
emigration  and  immigration  behaviour  to  account 
for  the  observed  increase  in  numbers  of  adults  of  C. 
septempunctata  in  different  alfalfa  fields  with  increasing 
aphid  density,  as  reported  by  Honek  (1982).  The  model 
best  accounting  for  the  field  data  was  one  in  which 
the  emigration  rate  was  assumed  to  increase  with 
decreasing  local  prey  density  (as  discussed  above),  and 
the  immigration  rate  was  assumed  to  be  independent 
of  local  prey  density. 


5 . 3 . 5 . 3 Factors  other  than  focal  prey  density 

The  presence  of  other  vegetation  in  the  vicinity  of  host 
plants  can  influence  the  numerical  response  of 
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Figure  5.33  Population  dynamics  of  corn  leaf  aphids  (Rhoijalosiphum  maidis)  and  ladybirds  (Harmonia  axyridis,  Coleomegilla 
rnaculata.  Coccinella  septempimctata)  in  June,  July  and  August.  Arrow,  the  week  of  peak  corn  anthesis.  (a)  large-scale  study 
(970  samples  in  a 8-ha  cornfield),  (b)  small-scale  study  (196  samples  in  a 50m  x 50m  cornfield)  (from  Park  & Obrycki  2004). 


ladybirds.  Within  alfalfa  fields,  flarmon  et  al.  (2000) 
found  that  adults  of  Col.  rnaculata  aggregated  in  patches 
with  high  densities  of  dandelions  (yielding  pollen  for 
this  pollinivorous  species:  5.2.9).  These  patches  sup- 
ported only  low  densities  of  pea  aphids,  apparently 
because  of  the  local  build-up  in  ladybird  numbers. 
Similarly,  Sengonca  et  al.  (2002)  found  that  C.  septem- 
piinctata,  A.  bipimctata  and  P.  quatuordecimpunctata 


occurred  in  greater  numbers  in  plots  of  lettuce  that 
included  weeds  (wormwood,  tansy  or  stinging  nettle), 
and  aphid  (especially  M.  persicae)  populations  were 
correspondingly  reduced.  The  authors  suggested  that 
the  weeds  attracted  predators  by  plant  volatiles  as 
well  as  providing  shelter  and  additional  prey. 

The  potential  importance  of  additional  prey  for 
the  aggregative  response  of  ladybirds  was  established 
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by  placing  potted  nettles  with  Miavlophium  carnosum, 
adjacent  to  grass  plots  infested  by  Rhopalosiphuin  padi 
{Miiller  & Godfray  1997).  Coccinellids  accumulated 
in  large  numbers  in  the  highly  infested  grass  and 
rapidly  drove  numbers  of  R.  padi  to  low  levels.  The 
predators,  many  now  swollen  with  eggs,  then  shifted 
to  the  nearby  potted  nettles  where  they  laid  their  eggs, 
and  where  they  and  their  offspring  fed  on  Microlophium 
carnosum. 

At  least  some  aphidophagous  ladybirds  may  also  be 
responsive  to  the  availability  of  non-aphid  prey 
within  a habitat.  This  possibility  has  been  most  explored 
in  alfalfa  (e,g,  Evans &Youssef  1992,  Giles  et  al,  1994), 
but  probably  occurs  in  a variety  of  settings.  The 
introduced  C.  septempunctata  has  become  the  most 
common  aphidophagous  ladybird  in  alfalfa  fields  of  the 
inter-mountain  west  of  North  America.  In  contrast  to 
native  coccinellids,  this  generalist  predator  colonizes 
and  persists  in  alfalfa  even  when  aphid  densities  are 
low,  and  shows  a positive  numerical  response  to  an 
alternative  non-aphid  prey,  the  abundant  larvae  of  the 
alfalfa  weevil  (Evans  & Toler  2007).  Significant 
numbers  of  C.  septempunctata  early  in  the  growing 
season  may  now  he  a key  factor  in  restricting  pea  aphid 
population  growth,  with  a consequence  that  native 
coccinellids  have  recently  largely  abandoned  alfalfa 
fields  in  the  absence  of  sufficient  numbers  of  aphids  to 
retain  them  (Evans  2004). 

A numerical  response  of  coccinellids  to  one  prey  can 
lead  to  a subsequent  numerical  response  later  in  the 
season  to  another  prey  in  the  same  habitat  or 
nearhy.  The  presence  of  the  non-damaging  Rhopal- 
osiphum  maidis  on  grain  sorghum  early  in  the  season 
elicits  an  aggregative  numerical  response  by  Hippoda- 
mia  spp.,  followed  by  a strong  reproductive  response  by 
colonizing  adults.  This  leads  to  heavy  ladybird  preda- 
tion on  Sitohion  gramimim  that  appear  on  sorghum 
later  in  the  season  (Michels  & Burd  2007).  Rand  and 
Louda  (2006)  recorded  the  dispersal  of  adult  coccinel- 
lids from  prey  on  agricultural  crops  into  adjacent 
grassland  where  they  heavily  attacked  an  aphid  species 
{Bipersona  sp.)  on  a native  thistle. 

The  importance  of  alternate  prey  for  aggregative 
numerical  responses  of  ladybirds  may  be  one  reason 
that  this  response  is  very  much  influenced  by  vegeta- 
tion diversity  within  fields  and  by  increasing  patchi- 
ness of  non-cultivated  land  surrounding  a field.  This 
aspect  has  been  explored  in  a variety  of  agricultural 
settings  (Elliott  et  al.  1998,  2002a),  For  example, 
Elliott  et  al,  (2002b)  found  that  factors  associated  with 


the  landscape  matrix  in  which  individual  fields  of 
alfalfa  occur  (e.g,  percentage  of  the  surrounding 
landscape  that  is  wetlands,  woodlands  or  crops)  can 
sometimes  overshadow  the  direct  numerical  response 
of  ladybirds  (Hip.  convergens,  Hip.  parenthesis  and  C. 
septempunctata)  to  the  aphid  populations  within  these 
fields. 


5.4  FOOD-RELATED  BEHAVIOUR 

5.4.1  Foraging  behaviour 

In  studies  of  ladybird  behaviour,  a number  of  paradoxi- 
cal features  are  manifest.  Ladybirds,  particularly 
adults,  move  in  a seemingly  chaotic  way  which  appears 
maladaptive,  Eor  example,  they  sometimes  walk 
over  suitable  aphids  without  attacking  them.  Their 
behaviour  appears  so  'aimless'  in  contrast  to  that  of 
parasitoids  that  Murdie  (1971)  once  called  them  ‘blun- 
dering idiots’.  In  fact  many  aspects  of  ladybird  foraging 
behaviour  are  rather  sophisticated,  e,g,  the  oviposition 
deterrent  cues  (5, 4, 1.3)  and  the  attraction  of  ladybirds 
to  volatiles  from  injured  plants  (5. 4. 1.2). 

Armed  with  the  axiom  of  optimality,  i.e.  that  females 
should  produce  an  optimal  number  of  progeny,  we 
might  be  astonished  at  the  sight  of  huge  numbers 
of  ladybirds  at  the  seashore  that  are  victims  of 
'non-economic'  overproduction  of  offspring  (5. 4, 1,5), 
However,  is  it  truly  a waste.^  The  production  of  very 
numerous  offspring  under  diverse  environmental 
conditions  potentially  ensure  wide  genetic  variance 
and  thus  increase  the  probability  of  overwintering 
survival  and  also  successful  dispersal  to  new  areas. 

The  reductionist  approach  suggests  limiting  the 
number  of  species  studied  and  attempting  to  generalize 
for  the  whole  family,  or  at  least  for  one  of  its  food  guilds. 
However,  as  stressed  by  Sloggett  (2005),  coccinellids 
exhibit  considerable  diversity  in  their  ecology  and 
ethology.  More  specifically  Harmon  et  al,  (1998),  in 
their  analysis  of  the  role  of  vision  in  foraging  in  four 
species,  say  the  same:  ‘while  the  historical  trend  has 
been  to  generalize  behavioural  traits  found  in  one 
species  to  all  coccinellids,  our  study  demonstrates  the 
wide  variation  in  the  use  of  foraging  cues’.  Such  inter- 
specific comparisons  can  lead  to  understanding  why 
individual  species  may  co-exist  in  one  ecosystem  or 
why  they  become  invasive. 

The  field  of  predator  foraging  behaviour  is  an 
area  of  behavioural  ecology  marked  by  two  isolated 
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methodological  approaches:  while  empirical  data  con- 
tinue to  be  collected  and  analyzed,  optimality  models 
are  constructed  by  computing  fitness  components.  As 
long  ago  as  1988  it  was  proposed  that:  ‘The  next 
twenty  years  in  insect  behavioural  ecology  will  be 
dominated  by  the  empirical  testing  of  hypotheses.’ 
(Burk  1988);  this  empirical  testing  still  needs  to  be 
carried  out  today.  Although  there  are  stimulating 
concepts  and  models,  we  need  data  as  ‘specific  quanti- 
tative tests  of  particular  hypotheses  and  focussed 
on  individuals  and  their  phenotypic  variation.  With 
such  data,  we  will  be  in  a position  to  decide  whether 
acceptable  models  have  been  devised’  (Burk  1988). 
For  the  research  of  spatial  relations  in  predator-prey 
interactions,  Inchausti  and  Ballesteros  (2008)  invite 
the  ‘experimental  and  field  biologists  to  investigate 
carefully,  how  the  tendency  to  switch  patches  relates  to 
foraging  success’  of  predators.  Roitberg  (1993)  warned 
that  testable  hypotheses  cannot  be  built  on  oversimpli- 
fied assumptions.  Currently,  a wide  gap  seemingly 
remains  between  the  two  above-mentioned  approaches 
as  far  as  coccinellids  are  concerned,  while  some  studies 
on  insect  parasitoids  have  achieved  a much  higher 
standard  of  research  (Wajnberg  et  al.  2008). 

Observations  must  be  performed  (and  subsequently 
verified)  under  experimental  conditions  as  similar  as 
possible  to  those  in  nature.  Although  this  prerequisite 
seems  obvious,  many  experiments  have  been  under- 
taken under  unnatural  conditions,  which  are  likely 
to  have  introduced  artefacts.  Banks  (1983)  and 
Okuyama  (2008)  provide  another  important  warning: 
not  to  work  with  only  ‘central  measures’  such  as 
averages  of  behaviour  parameters.  Variation  is 
typically  treated  as  a nuisance  in  many  behavioural 
studies.  However,  this  variation  can  provide  important 
ecological  perspectives:  behavioural  variation,  because 
it  is  very  large,  can  cause  a substantial  change  in  com- 
munity dynamics  (Okuyama  2008).  It  is  important  to 
test  multiple  working  hypotheses  and  alternatives 
to  optimal  models  for  predator  foraging  (Ward  1992, 
1993,  Nonacs  & Dill  1993).  Lederberg’s  (1992)  con- 
viction that  ‘the  most  revolutionary  discoveries  have 
arisen  out  of  observation  that  did  not  fit  prevailing 
scientific  doctrine,  and  required  a re-examination  of 
the  fundamental  concepts’  is  of  great  importance. 
One  of  the  research  lines  showing  hopeful  progress  in 
this  much  needed  direction  is  the  prey  size-density 
study  (Sloggett  2008b;  5.2.3). 

General  information  on  optimal  foraging  theory  and 
related  topics  is  provided  by  e.g.  Krebs  & McCleery 


(1984),  Bell  (1985,  1990),  Waage  & Greathead 
(1986),  Ward  (1992,  1993),  Nonacs  & Dill  (1993), 
Godfray  (1994),  Jervis  (2005),  Inchausti  and  Balles- 
teros (2008)  and  Raubenheimer  et  al.  (2009).  Foraging 
behaviour  of  coccinellid  larvae  has  been  reviewed  by 
Ferran  and  Dixon  (1993)  and  of  ovipositing  females  by 
Seagraves  (2009). 

The  location  of  prey  by  ladybirds  may  be  divided  into 
three  steps  (Vinson  1977,  Hodek  1993):  (i)  finding  a 
habitat,  (ii)  finding  the  prey  within  the  habitat  and 
(iii)  accepting  the  prey.  Both  the  prey  and  the  host 
plant,  particularly  when  damaged  by  herbivores,  emit 
attractive  volatiles  (5.4. 1.2).  In  this  chapter  we  prefer 
not  to  use  the  classification  of  semiochemicals  into 
pheromones,  allomones,  kairomones  and  synomones 
(see  e.g.  Hatano  et  al.  2008),  as  the  terms  are  often 
used  ambiguously  or  arbitrarily. 

We  broadly  follow  a sequence  of  prey-related  be- 
havioural steps.  The  first  aim  of  adults  is  to  find 
food  (5. 4. 1.1  and  5. 4. 1.2)  and  mate,  and  then  find 
a suitable  place  for  oviposition  (5. 4. 1.3).  Finding  a 
suitable  prey-bearing  habitat,  while  ranging  across 
the  landscape,  remains  a rather  mysterious  process: 
how,  for  example,  does  a ladybird  discover  a crop 
field  with  initially  scarce,  small  aphid  colonies.?  One 
explantion  might  be  that  ladybirds  orient  to  prey  using 
plumes  of  volatile  semiochemicals  (5. 4. 1.5). 

Rather  more  evidence  is  available  on  phase  (ii). 
Foraging  on  the  host  plants  is  guided  partly  indirectly, 
by  taxes  and  the  structure  and  surface  of  host  plants 

(5.4. 1.1) .  Studies  on  this  have  evolved  from  an  earlier 
assumption  of  fully  random  foraging  to  the  idea  that 
foraging  is  partly  guided  by  visual  and  olfactory  cues 

(5.4. 1.2) .  A very  important  moment  is  the  first 
encounter  with  prey,  an  encounter  that  strikingly 
changes  behaviour  from  extensive  to  intensive  search- 
ing (5.4.1.2). 

Well-fed  and  mated  females  look  for  oviposition 
sites  (5. 4. 1.3).  Prey  suitable  for  larvae  is  usually  also 
used  by  females,  although  not  always  (5.2). 

First  instar  larvae  can  increase  their  vitality  by 
feeding  on  sibling  eggs  (5.2.8),  which  can  be  either 
unfertilized  or  otherwise  non-viable  or  even  trophic 
eggs  (5.2.7).  After  dispersal  from  egg  clutches,  larval 
behaviour  is  similar  to  that  of  adults,  though  they  are 
probably  equipped  with  less  complex  sensory  capabili- 
ties(5.4.1.2,5.4.1.4).  Aphidophagous  coccinellids  .due 
to  the  inherently  intermittent  occurrence  of  aphids, 
often  face  prey  shortage  and  resort  to  cannibalism 
(5.2.8)  and/ or  feeding  on  alternative  foods  ( 5 . 2 . 9 ) . 
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Table  5.32  Time  budget  of  adult  Cocdnella  septempunctata 
behaviour  in  the  experiments  (after  Minoretti  & Weisser 
2000). 


Aphid- 
free 
plant 
(#7  = 13) 

Aphid-infested  piant 

Behaviour 

10-aphid 
colony 
(#7  = 10) 

30-aphid 
colony 
(n  = 9) 

Searching 

67.0  ± 4.9 

63.7  ± 6.8 

40.3  ± 6.1 

Grooming 

4.0  ± 1.7 

9.9  ±3.1 

14.6  ±3.6 

Resting 

12.3  ±5.0 

8.9  ± 3.9 

8.6  ± 4.3 

Handling 

0 

16.9  ±2.7 

24.0  ± 3.4 

prey 

Feeding 

5.4  ± 2.5 

1.0  ±0.8 

0.5  ± 0.5 

on  plant 
tissue 

Feeding  on 

5.4  ± 3.8 

2.2  ± 1.3 

11.1  ±4.9 

nectar 

Values  are  percentages  of  the  total  time  spent  on  a plant 
(mean  percentage  ± SE). 


5 .4. 1 . 1 Indirect  factors  in  foraging 

Indirect  factors  in  foraging  include  taxes,  plant  struc- 
ture, plant  surface,  diurnal  periodicity.  Coccinellids 
spend  most  of  their  time  searching  for  prey  (Table 
5.32).  On  a plant,  the  encounter  of  predator  and  prey 
is  made  more  probable  by  certain  regular  behaviours 
such  as  taxes,  and  features  of  the  structure  and  surface 
of  plants. 

Taxes 

Encounters  are  made  more  likely,  at  least  between 
aphidophagous  and  acarophagous  species  and  their 
prey,  by  similar  tactic  responses.  Coccinellids,  like  mites 
and  aphids,  exhibit  positive  phototaxis  and  negative 
geotaxis  (Fleschner  1950,  Dixon  1959,  Kaddou  1960, 
Baensch  1964, 1966,  Kesten  1969).  However,  satiated 
larvae  of  Menochilus  sexmaculatus  were  observed  to  be 
negatively  phototactic  (Ng  1986). 

Plant  structure 

To  study  the  movements  of  predator  larvae  on  the 
stem  and  twigs  of  plants,  Baensch  (1964,  1966)  used 
a 50  cm  high  model  tree.  When  moving  upwards  on 
the  stem,  coccinellids  stop  at  bifurcations,  but  soon 
continue  walking  upwards  to  follow  the  main  axis. 


Figure  5.34  Search  pattern  of  one  Adalia  bipunctata  aduit 
on  a modei  tree  untii  flying  away  (arrow)  after  23  minutes. 
The  thickness  of  the  tine  indicates  the  searching  frequency 
of  the  predator  (modified  from  Baensch  1964). 


After  an  unsuccessful  search  on  the  top  the  larvae 
return  down  the  stem  and  search  upwards  at  bifurca- 
tions. If  unsuccessful  on  a twig,  they  return  to  the 
main  stem  and  move  to  the  top  again.  So,  on  the  model 
tree,  the  larvae  were  more  or  less  ‘trapped'  between  the 
apex  and  the  tops  of  branches  (Fig.  5.34).  If  the  larvae 
eventually  reach  the  ground,  they  do  not  move  upwards 
until  they  have  covered  a certain  sideways  distance. 
The  adults  soon  fly  away  after  an  unsuccessful  search. 
Kareiva  (1990)  compared  the  effect  of  plant  structure 
on  the  movement  of  C.  septempunctata  adults.  There 
was  strong  aggregation  on  goldenrod  (Solidago  sp.), 
weak  aggregation  on  beans  {Vida  sp.)  and  no  aggrega- 
tion on  pea  (Fig.  5.35).  The  importance  of  plant  mor- 
phology was  shown  in  a comparison  of  ‘normal’  peas 
and  a ‘leafless’  variety.  C.  septempunctata  beetles  fall  off 
less  frequently  from  the  latter  plants  and  moved  faster. 
One  day  after  release  they  were  aggregated  on  aphid- 
infested  leafless  plants,  but  still  randomly  distributed 
on  ‘normal’  peas  (Kareiva  1990). 
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Figure  5.35  Left,  aggregations  of  Coccindla  septempunctata  beetles  two  days  after  their  release  in  fields  of  goldenrod  {Solidago 
sp.).  bean  {Vida  sp.)  and  pea  (Pisum  sp.).  A positive  association  between  the  number  of  beetles  per  20  plants  (sampled  in  1 m^ 
plots)  and  the  density  of  aphids  on  the  plants  indicates  aggregation;  slopes  can  be  used  as  a measure  of  the  rate  of 
aggregation,  (a)  Movement  of  Cocdnella  septempunctata,  starved  for  12  hours,  on  rows  of  three  plant  species;  closed  circle  and 
unbroken  line,  goldenrod;  open  squares,  bean;  open  circles,  pea.  (b)  Number  of  reversals  per  10  minutes,  (c)  Velocity 
(m/lOmin)  (fromKareiva  1990). 


The  different  structure  of  two  host  plants  of  Uro- 
leucon  aphids  affected  the  searching  efficiency  of  C. 
septempunctata  fourth  instars.  They  spent  most  of  the 
time  on  the  shoots  of  Carduus  crispus,  yet  only  detected 
55%  of  first  instar  aphids;  in  contrast,  90%  of  first 
instar  aphids  were  detected  by  larvae  on  Centaiirea 
jacea,  even  though  the  larvae  searched  on  shoots  only 
one  third  of  the  time  (Table  5. 3 3).  The  explanation  was 
that  first  instar  aphids  were  hidden  on  the  structurally 
complex  stem  of  C.  crispus,  which  are  covered  with 
small  leaves,  spines  and  hairs,  whereas  they  were 
exposed  on  C.  jacea  (Stadler  1991). 


Foraging  efficiency  may  be  increased  by  the  ten- 
dency of  coccinellids  to  crawl  along  an  edge  or  a raised 
surface.  Thus  on  leaves,  veins  influence  the  direction 
of  movement,  and  it  is  near  veins  that  colonies  of 
aphids  most  often  occur  (Banks  1957,  Dixon  1959, 
Baensch  1964,1966,  Marks  1977,Shahl982).  There 
are,  of  course,  modifications  of  this  general  scheme. 
While  prominent  veins  of  sycamore  and  lime  leaves 
were  successfully  searched  by  A.  bipunctata  (Dixon 
1970,  Wratten  1973),  the  larvae  of  C.  septempunctata 
searched  mainly  the  edge  of  leaves  and  the  stem  on 
pea  and  bean  plants,  where  the  veins  of  leaves  are  not 
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Table  5.33  Proportion  of  Uroleucon  spp.  colonies  encountered  (A)  and  aphids  eaten  (B)  by  4th  instar  larvae  of  Coccinella 
septempunctata  on  live  host  plants  (Stadler  1991). 


Host  plant 

Centaurea 

jacea 

Centaurea 

scabiosa 

Cirsium 

atvense 

Carduus 

crispus 

Cichorium 

Intybus 

Uroleucon 

(Uromelan) 

jaceae 

Uroleucon 

jaceae 

ssp.henrichi 

Uroleucon 

(Uromelan) 

cirsii 

Uroleucon 

(Uromelan) 

aeneus 

Uroleucon 

(Uromelan) 

cichorii 

Aphid 

First  instar  (A) 

90 

80 

60 

55 

100 

Aduit  aphid  (A) 

100 

100 

70 

80 

100 

First  instar  (B) 

90 

90 

80 

70 

90 

Aduit  aphid  (B) 

20 

15 

15 

25 

10 

prominent.  Their  searching  was  thus  not  very  success- 
ful on  pea  and  bean,  as  the  aphids  occurred  mostly 
around  the  veins  (Carter  et  al.  1984).  Similar  observa- 
tions were  made  on  wheat  leaves:  when  the  last  instar 
larva  of  C.  septempunctata  searches  for  Sitobion  avenae 
it  walks  along  the  leaf  edge,  so  that  the  central  area  is 
not  searched  and  aphids  there  are  not  found  (Ferran  & 
Deconchat  1992).  The  aphid  Rhopalosiphum  padi  may 
often  be  found  in  the  space  between  the  stem  and  the 
ear  of  wheat  which  cannot  be  entered  by  third  and 
fourth  instar  larvae  of  C.  septempunctata  (Ferran  & 
Dixon  1993). 

Plant  surface 

Banks  (1957)  observed  how  important  the  plant 
surface  is  for  the  foraging  of  coccinellid  larvae  (Table 
5.34).  Glandular  trichomes  on  tobacco  plants 
impeded  foraging  of  larvae  in  Col.  maculata  (Elsey 
1974)  and  Hip.  convergens  (Belcher  & Thurston  1982). 
In  a study  of  A.  hipimctata  larvae,  no  feeding  was 
observed  on  tomato  and  tobacco  plants  covered  with 
long,  dense,  upright  trichomes  and  glandular  hairs,  or 
on  bush  beans  with  hook-shaped  hairs.  Leaves 
of  another  six  plants  without  these  characteristics 
were  suitable  (Shah  1982).  Foraging  for  nymphs  of 
Heteropsylla  cubana  by  Curinus  coeruleus  adults  was 
significantly  affected  by  the  leaf  surface  of  different 
species  of  Leucaena  host  plant  (Da  Silva  et  al.  1992). 

Crop  plants  selected  for  herbivore-resistant  pubes- 
cence are  also  unsuitable  for  entomophagous  insects 
(but  see  5. 4. 1.3,  egg  protection).  On  the  richly  glandu- 
lar pubescent  leaves  of  aphid-resistant  potato,  newly 
hatched  larvae  of  C.  transversoguttata,  C.  septempunc- 
tata, Col.  maculata  and  Hip.  convergens  accumulated 
trichome  exudates  on  their  appendages  and  bodies  and 


Table  5.34  Mean  rates  of  movements  of  first  instar  tar vae 
of  Propylea  quatuordecimpunctata  on  various  surfaces  (Banks 
1957). 


Clean 

Honey- 

Hairy 

bean 

dewed 

potato 

Paper 

leaf 

bean 

leaf 

mm/min 
m/1-1 .5  day 

151 

154 

225-300 

104 

150-200 

54 

75-100 

moved  only  c.  5 mm  from  the  egg  within  48  hours.  By 
contrast,  on  the  normal  potato  plants,  ladybird  larvae 
walked  over  100mm  (Obrycki  & Tauber  1984).  The 
movement  of  2 day  old  larvae  of  P.  quatuordecim- 
punctata was  impeded  on  the  hairy  leaves  of  egg-plant 
(speed  6.3-8.8cm/minute),  while  the  glabrous  leaves 
of  pepper  (22.6  cm/minute)  and  particularly  the  lower 
surface  of  maize  leaves  (30.0cm/min)  were  suitable. 
The  larvae  usually  followed  the  veins  of  the  maize 
leaves  (Quilici  & Iperti  1986). 

For  the  acarophagous  larvae  of  Stethorus  pusillus, 
the  surface  of  plant  leaves  is  also  important.  Leaves 
of  tomato  and  pepper  plants  facilitate  the  highest 
consumption  of  Tetranychus  urticae  by  ladybird  larvae 
(0.68  and  0.55  prey  eaten/ 10  minutes),  respectively, 
while  aubergine  (0.26  prey/10  minutes)  was  interme- 
diate and  cucumber  plants  (0.19  prey/10  minutes) 
the  least  favourable:  the  responsible  factor  was  not 
specified  (Rott  & Ponsonby  2000;  Table  5.35).  Surface 
waxes  may  also  significantly  affect  the  suitability 
of  host  plants  for  coccinellids.  They  captured  fewer 
aphids  on  the  leaves  of  Brassica  oleracea  than  on  other 
comparable  plant  species,  because  of  the  thick,  slippery 
wax  layer  (Shah  1982).  Although  A.  pisum  densities 
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Table  5.35  Effect  of  plant  surface  on  behaviour  of  Stethorus  pusillus  observed  on  leaf  discs  with  Tetranychus  urticae  as  prey 
(modified  after  Rott  & Ponsonby  2000). 


Distance  (mm) 
moved  in  10  min 

Time  moving  (%) 

Prey  encountered 

Prey  eaten 

Tomato 

23,4  ± 2,73  a 

11  ± 1.0  a 

1.44  ±0.11  a 

0.68  ± 0.05  a 

Pepper 

24,7  ± 2,50  a 

8 ± 0.8  a 

0.85  ± 0.07  b 

0.55  ± 0.04  a 

Aubergine 

10,9  ± 0.76  b 

4 ± 0.4  b 

0.30  ± 0.04  c 

0.26  ± 0.04  b 

Cucumber 

15.7  ± 1.20  b 

5 ± 0.4  b 

0.24  ± 0.04  c 

0.19  ± 0.03  b 

Mean  ± SE  within  a treatment  foiiowed  by  the  same  ietter  are  not  significantiy  different  at  P = 0.05  (Tukey’s  Test). 


were  significantly  lower  on  peas  with  reduced  surface 
wax,  numbers  of  predatory  coccinellids  did  not  differ 
consistently  between  reduced-wax  and  normal-wax 
peas.  This  failed  to  support  a hypothesis  that  higher 
predator  numbers  on  reduced-wax  peas  contribute  to 
lower  aphid  density  there  (White  & Eigenbrode  2000). 
On  normal-wax  peas  Hip.  convergens  larvae  exhibited 
higher  rates  of  falling  and  lower  search  rate  than  on 
reduced-wax  peas  (Rutledge  & Eigenbrode  2003).  A 
strong  reduction  of  surface  wax  bloom  in  mutated 
peas  appeared  to  eliminate  the  avoidance  response  by 
fourth  instar  Hip.  convergens  larvae  to  leaves  exposed  to 
conspecifics  of  the  same  instar  (Rutledge  et  al.  2008: 
5. 4. 1.3).  Predation  efficacy  of  C.  septempunctata  on 
Acyrthosiphon  pisum  was  found  to  be  affected  differen- 
tially on  three  types  of  pea  plants  that  differed  in 
surface  waxes  and  content  of  allelochemicals  (Legrand 
& Barbosa  2003). 

Larvae  of  individual  ladybird  species  vary  in  their 
ability  to  adhere  to  plant  surfaces.  When  comparing  the 
attachment  ability  of  larvae  of  five  species  to  pea 
plants  with  crystalline  epicuticular  waxes,  Eigenbrode 
et  al,  (2008)  recorded  high  ability  for  A.  hipunctata 
larvae.  These  authors  also  measured  the  attachment 
force  on  clean  glass  and  found  much  higher  values  in 
the  primarily  arboreal  species  Hat:  axyridis  (11.4mN) 
and  A.  hipunctata  (6.3  mN)  than  in  the  eury  topic,  prima- 
rily field  species  C.  septempunctata,  C.  transversoguttata 
and  Hip.  convergens  (2,6-2,8mN).  A morphological 
study  of  the  attachment  system  in  Cryptolaeinus 
montrouzieri  was  combined  with  measurements  of 
attachment  forces  generated  by  beetles  on  the  plant 
surface  (Gorb  et  al,  2008), 

Diurnal  periodicity  of  foraging 

C.  septempunctata  brucki  adults  locate  their  prey  visu- 
ally from  a very  short  distance,  but  only  in  light 


(5,4, 1.2),  In  complete  darkness  they  can  only  capture 
prey  after  contact  (Nakamuta  1984,  1985),  This  may 
be  why,  under  16L:8D,  their  searching  activity  is 
highest  between  09,00  and  16,00  hours  (with  lights 
on  at  04,00)  (Nakamuta  1987),  The  periodicity  of  C. 
septempunctata  is  similar  to  that  of  Har.  axyridis  (Miura 
& Nishimura  1980)  and,  perhaps,  also  to  that  of  other 
species  which  are  mostly  found  foraging  in  the  field 
from  09,00  to  17,00  (Hip.  convergens,  C.  transversogut- 
tata and  Col.  inaculata;  Mack  & Smilowitz  1978),  Just 
over  half  (53%,  n = 36)  of  unspecified  ladybird  larvae 
foraged  from  15,00  to  21,00  on  sugar  beet  in  August 
(Meyhofer  2001).  Larvae  and  both  sexes  of  adult  Steth- 
orus punctum  cease  their  feeding  activity  at  dusk  and 
resume  it  at  dawn  (Hull  et  al.  1977).  Under  constant 
light  the  rhythm  persists  (i.e.  it  is  endogenous),  but  the 
endogenous  period  is  shorter  than  24  hours,  as  in 
other  diurnal  animals  (Nakamuta  1987),  Col.  maculata 
lay  eggs  mostly  in  the  early  afternoon  (Fig,  5 . 3 6 ; Staley 
& Yeargan  2005), 

When  C.  septempunctata  brucki  adults  are  starved, 
their  activity  increases  for  several  hours  and  then  it 
decreases  with  continuing  starvation,  so  that  it  is 
highest  on  the  first  day  (Nakamuta  1987),  Similarly, 
the  activity  of  starving  larvae  of  P.  quatuordecimpunc- 
tata  increases  during  the  first  day,  remains  high  until 
the  middle  of  the  second  day  and  then  decreases 
(Quilici  & Iperti  1986), 

5. 4. 1.2  The  role  of  senses  in  foraging 

Recent  findings  suggest  that,  at  least  for  coccinellid 
adults  and  in  case  of  short  distance  perception, 
Thompson  (1951)  was  right  when  he  maintained  that 
Coccinellidae  have  ‘sense  organs  and  there  is  no  doubt 
that  they  can  perceive  their  hosts  at  a distance.  Certainly 
there  seems  no  reason  to  think , , , that  their  behaviour 
can  be  described  in  any  sense  as  random  action' , 
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Figure  5.36  Diel  periodicity  of  Cokomegilla  maculata  oviposition  in  the  laboratory  and  in  the  field.  Bars  represent  number  of 
egg  clusters  laid  during  the  hour  that  ended  at  the  time  shown  on  the  j:-axis  (from  Staley  & Yeargan  2005). 


There  is  a contrast  between  this  statement  and 
Murdie's  (1971)  assumption  that  coccinellids  are  just 
'blundering  idiots’.  Many  other  specialists  have  also 
believed  in  such  ‘non-sensory’  behaviour  of  ladybirds 
(see  Hodek  1996  for  early  references,  and  Liu  & Stansly 
1999  for  the  case  of  the  psyllophagous  Delphastus  cata- 
linae  and  Clitostethus  ocidatus).  It  was  thought  for  a 
long  time  that  prey  are  not  detected  by  a coccinellid 
until  actual  contact  occurs  and  reports  were  that  prey 
may  not  be  detected  even  when  only  a few  millimeters 
away  (Banks  1957),  and  even  when  the  wind  carries 
the  smell  of  the  prey  to  the  coccinellid  (Baensch  1964, 
1966,  experiments  on  larvae) . Some  individuals  indeed 
do  not  react  to  prey  until  they  touch  it  and  often  it  is 
observed  both  in  the  laboratory  and  in  the  field  that 


‘coccinellids  walk  right  over  aphids  without  eating 
them'  (McAllister  & Roitberg  1987).  This  may  be 
because  the  coccinellid  is  at  that  moment  in  another 
phase  of  its  behaviour,  i.e.  a satiated  adult,  a male 
searching  for  a mate,  or  a female  looking  for  a place  to 
oviposit  (Hodek  1993). 

One  reason  why  ladybirds’  crawling  was  frequently 
believed  to  be  random,  was  the  observation  that  they 
revisit  places  already  searched  while  neglecting  other 
areas.  For  example,  a first  instar  larva  of  P.  quatuordec- 
impimctata,  moving  for  3 hours  on  a clump  of  14  bean 
stems,  spent  52%  of  the  time  searching  on  leaves 
visited  more  than  once  and  only  12%  on  leaves  visited 
only  once,  the  remaining  time  being  spent  on  stems  or 
stationary  (Banks  1957).  Marks  (1977)  suggested 
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there  might  be  adaptive  value  in  behaviour  that  leads 
the  coccinellid  to  re-cross  its  former  track.  After  distur- 
bance, many  aphids  such  as  Acyrthosiphon  pisum  or 
Aphis  fabae  withdraw  their  stylets  and  move  away  from 
where  they  were  feeding.  These  aphids  can  then  be 
captured  by  coccinellid  larvae  the  next  time  they 
traverse  their  original  search  path. 

Effect  of  encounter 

After  feeding,  the  predator  increases  the  thoroughness 
of  subsequent  searching  by  slower,  winding  move- 
ments in  the  immediate  vicinity,  often  turning  fre- 
quently after  only  short  distances  (Banks  1957,  for 
later  reports  see  Hodek  1996).  This  behavioural  change 
is  generally  considered  to  enhance  the  efficiency  of 
searching  for  aggregated  resource  items  (Curio  1976). 
Thus,  for  example,  the  larvae  of  C.  septempunctata 
which  have  found  aphid  colonies  remain  close  to  them 
for  long  periods  (e,g,  18  hours;  Banks  1957;Fig.  5,37). 
In  fact,  this  behaviour  is  recorded  also  in  non- 
entomophagous  insects  (for  examples  see  Bell  1985, 
Nakamuta  1985b). 


Figure  5.37  Tracks  of  an  unfed  fourth  instar  larva  of 
Adalia  hipunctata  on  paper,  before  (a.  b)  and  after  (c,  d) 
feeding  on  an  aphid  (the  four  successive  intervals  of  1 5 
seconds  are  marked  by  numbers  along  the  tracks)  (from 
Ranks  1957). 


Following  the  early  reports  by  Fleschner  (1950)  and 
Banks  (1957),  this  phenomenon  has  been  variously 
termed  as  'area-concentrated'  (Curio  1976,  Nakamuta 
1985a,  b),  ‘success  motivated’  (Vinson  1977)  or  ‘area- 
restricted’  searching  (Carter  & Dixon  1982).  It  seems 
best  to  speak  about  a ‘switchover  from  extensive  to 
intensive  search  behaviour’.  However,  the  analysis 
of  the  mechanism  and  its  variability  did  not  make 
much  progress  until  experiments  by  Nakamuta  and 
Ferran  in  the  1980s  and  1990s  (see  below),  and  our 
understanding  is  still  far  from  complete. 

Switching  to  intensive  search  seems  to  be 
learned;  it  is  not  shown  by  newly  hatched  adults  and 
only  develops  after  some  experience  of  prey  capture 
(Ettifouri  & Ferran  1992).  Nakamuta  (1985a,  b)  dis- 
criminated in  experiments  between  contact  with  an 
aphid  (Myzus  persicae),  biting  an  aphid  and  consump- 
tion of  an  aphid;  he  suggested  that  contact  with  a 
prey,  rather  than  its  consumption,  is  the  cue  that 
elicits  the  switchover.  This  may  be  an  adaptation  to 
situations  where  the  contacted  aphid  escapes  capture 
(5.4.2).  Ferran  and  Dixon  (1993)  suggested,  however, 
that  the  ingestion  is  the  cue  eliciting  the  switch.  The 
duration  of  intensive  search  in  C.  septempunctata 
adults  depends  on  the  quality  of  the  signal  (Nakamuta 
1985a,  b;  Table  5.36),  Consumption  of  an  aphid  pro- 
duced the  longest  response.  The  parameters  of  the 
intensive  search  in  fourth  instar  C.  septempunctata  are 
affected  by  the  duration  of  fasting  before  the  encounter 
with  prey  (Carter  & Dixon  1982).  In  C.  septempunctata 
larvae,  the  change  to  intensive  search  may  also  be 
induced  by  the  presence  of  honeydew  (Carter  & Dixon 
1984).  Intraspecffic  variability  in  searching  behaviour, 
neglected  in  the  optimal  foraging  approach  (5.4.1;  Bell 
1990),  has  been  reported  in  Cer.  undecimnotata.  The 
larvae  show  a highly  variable  response  to  prey  capture, 
‘adopting  intensive  search  immediately,  later  or  never’ 
(Ferran  & Dixon  1993). 

In  two  coccidophagous  species,  Chil.  hipustulatus  and 
Chil.  kuwanae,  the  same  change  from  extensive  to 
intensive  search  was  observed  on  encountering  prey 
(Podoler  & Henen  1986;  Table  5,3  7).  The  phenomenon 
has  also  been  observed  in  acarophagous  coccinellids 
(Houck  1991;  Table  5.38). 

Earlier  observations  on  sensorial  perception 

The  ‘early’  observations  (before  and  in  the  1980s)  on 
prey  perception  are  mostly  indirect,  and  a combination 
of  olfactory  and  visual  cues  has  mostly  just  been 
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assumed.  Not  all  early  workers  rejected  the  possibility 
of  sensory  orientation  by  coccinellids  towards  their 
prey.  Fleschner  (1950)  reported  distant  perception  of 
prey  by  Stethorus  pimctum  picipes,  but  only  from  about 
0.5  mm.  In  Hai:  axyridis,  the  perception  of  olfactory 
(together  with  visual)  cues  was  reported  in  adults, 
when  they  were  attracted  to  gauze  and  polyethylene 
bags  contaning  aphid-infested  leaves  (Obata  1986, 
1997). 

Two  early  observations  on  two  large  coccinellids 
preying  on  coleopteran  and  lepidopteran  larvae  indi- 
cated prey-orientation  behaviour.  Older  instars  of 
Aiolocaria  hexaspilota,  a predator  of  chrysomelid  larvae. 


Table  5.36  Duration  of  area-concentrated  search  of 
24-hour  starved  ladybird  beetles,  Coccinella  septempimctata 
bnicki,  exposed  to  different  feeding  stimuli  (Nalcamuta 
1985a,  b). 


Types  of  feeding  stimuli 

Duration  (s) 

No  stimulation 

2.1  ± 0.7a 

Contact  with  an  aphid 

5.3  ± 2.0b 

Biting  an  aphid 

12.9  ± 6.3c 

Consumption  of  an  aphid 

19.8±9.6d 

Contact  with  an  agar  block 

5.4  ± 2.1b 

Consumption  of  an  agar  block 
coated  with  aphid  body  fluid 

16.7  ± 7.3e 

Values  are  means  ± SD  of  10  different  individuals.  Means 
followed  by  different  letters  are  significantly  different  at 
0.05  level  by  Cochran-Cox’s  f-test. 


actively  pursue  their  prey  (Savoiskaya  1 9 70a).  Similar 
behaviour  was  reported  for  the  adults  of  Anatis  ocellata 
preying  on  larvae  of  the  tortricid  Choristoneum  pinus. 
Foraging  beetles  stopped  within  a distance  of  13- 
19  mm  from  the  prey  before  moving  forward  and 
quickly  snatching  a caterpillar  in  their  mandibles 
(Allen  et  al.  1970). 

Two  other  early  reports  suggest  that  coccinellids  are 
guided  by  olfactory  cues.  Coccinellid  adults  were 
observed  to  follow  the  trails  of  Formica  polyctena 
ants  (Bhatkar  1982)  that  tolerated  them,  and  in  this 
way  arrive  at  aphid  colonies.  In  the  laboratory,  the  coc- 
cinellids followed  such  a trail  150  mm  long,  previously 
used  by  20  ants  and  apparently  chemically  marked  by 
them. 


Table  5.38  Proportion  of  time  Stethorus  punctwn  females 
and  3rd  instar  larvae  spent  searching,  feeding  and  resting, 
when  they  encountered  an  abundance  of  all  instars  of 
Tetranychus  urticae  (Houck  1991). 


Proportion  of  time  (%)  spent 

searching 

feeding 

resting 

Satiated  females 

45.1 

14.4 

40.5 

Starved  females* 

24.4 

43.3 

32.3 

Satiated  larvae 

78.4 

21.6 

0 

Starved  larvae* 

47.1 

52.9 

0 

*The  increased  feeding  time  was  due  to  a more  complete 
removal  of  prey  contents. 


Table  5.37  Response  (withtn  10  seconds)  of  Chilocorus  bipustulatus  to  the  contact 
with  prey,  a diaspidid  scale  (modified  after  Podoler  & Henen  1986). 


Predator 

stage 

Prey 

instar 

Mean 

speed 

(cm/sec) 

Mean  change 
in  angie 
(degrees/cm) 

Mean 
number 
of  turns 

Adult 

Control 

0.80a 

26.00a 

6.80a 

1st 

0.37b 

116.57b 

7.93a 

2nd 

0.43b 

70.43c 

7.97a 

3rd 

0.48b 

61 .43c 

7.43a 

Larva 

Control 

0.52a 

34.43a 

3.00a 

1st 

0.30b 

80.28b 

5.60b 

2nd 

0.35b 

59.71c 

5.47b 

3rd 

0.36b 

52.43ac 

5.43b 

Within  columns  and  species  groups,  numbers  followed  by  different  letters  are 
significantly  different  at  P < 0.05  (Duncan’s  Multiple  Range  Test). 
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Marks  (1977)  observed  that  fourth  instar  C.  septem- 
pimctata  searched  much  longer  (for  215  seconds)  the 
first  time  than  in  repeat  searches  (5-40  seconds)  and 
supposed  that  the  larva  leaves  a chemical  marker 
when  it  dabs  the  surface  with  the  anal  disc.  As  the 
larvae  never  ignored  plants  previously  visited  by  other 
larvae,  the  author  assumed  that  there  was  an 
individual-specific  means  of  marking  a surface.  Moving 
larvae  held  their  maxillary  palps  (bearing  fine  distal 
setae)  close  to  the  surface,  apparently  to  perceive  the 
trail.  Marking  of  the  surface  by  larvae  was  later  con- 
firmed in  studies  on  oviposition  deterrence  of  adult 
females  (Ruzicka  1997;  5. 4. 1.3).  Furthermore,  after 
30  years,  Marks'  finding  on  the  ability  of  ladybird 
larvae  to  perceive  trails  of  conspecific  larvae,  and  avoid 
searching  the  marked  surfaces,  finally  appears  to  have 
been  confirmed  (Reynolds  2007,  Rutledge  et  al.  2008; 
5, 4. 1,3),  Thus  not  only  adult  females,  but  also  larvae 
seem  to  perceive  sensory  cues  left  by  larvae. 

Heidari  and  Copland  (1992)  reported  that  the  fourth 
instar  Cryptolaemus  montrouzieri  perceive  prey  only  by 
physical  contact,  while  adults  were  able  to  detect  their 
mealybug  (Pseudococcidae)  prey  by  sensory  stimuli. 
The  distance  at  which  the  adults  stop  and  then  ‘jump’ 
towards  the  prey  was  reported  to  be  14  mm,  slightly 
greater  than  the  perception  distance  experimentally 
established  for  two  subspecies  of  C.  septempunctata. 
Nakamuta  (1984b)  and  Nakamuta  and  Saito  (1985) 
found  that  adults  of  C.  s.  hmcki  orientated  themselves 
towards  aphid  prey  from  a distance  of  about  7 mm  in 
light,  while  they  were  unable  to  locate  it  in  darkness. 
Thus,  these  results  suggest  that  adult  coccinellids  may 
perceive  the  prey  also  visually  at  close  proximity.  In 
adults  of  C.  s.  septempunctata,  visual  perception  of 
aphids  was  reported  to  be  up  to  10  mm,  while  for  olfac- 
tory perception  by  fourth  instars  this  distance  was 
7mm  (Stubbs  1980),  The  experiments  with  larvae 
used  an  aphid  crushed  onto  filter  paper;  an  intact  aphid 
might  elicit  a different,  perhaps  less  intense  olfactory 
stimulus.  Nakamuta’s  results  (1984a)  further  suggest 
that  the  aphid  body  fluid  is  the  final  cue  to  prey  recog- 
nition. Many  later  findings  also  support  sensory 
orientation  (see  Vision,  olfaction).  The  reason  why 
visual  and  olfactory  perception  was  overlooked  may  be 
that  the  distances  involved  are  very  small  (Stubbs  1980). 

Honeydew,  sucrose 

With  honeydew.  acting  either  as  an  arrestant  for  C. 
septempunctata  larvae  (Carter  & Dixon  1984)  or  an 


oviposition  stimulant  (Evans  & Dixon  1986),  olfaction 
is  clearly  involved.  Honeydew  has  a similar  effect 
to  that  of  prey.  Larvae  do  not  discriminate  between 
different  amounts  of  honeydew,  although  C.  septem- 
punctata larvae  do  discriminate  between  differences 
in  the  density  of  aphid  honeydew  droplets.  They 
climbed  more  often  over  a surface  contaminated  with 
honeydew  of  the  ant-tended  Aphis  craccivora  (but  here 
deprived  of  ants)  than  over  a similar  surface  with  the 
less  dense  honeydew  droplets  of  the  non-ant-tended 
Acyrthosiphon  pisum  (Ide  et  al.  2007). 

The  role  of  prey  traces  (honeydew,  exuviae)  in  elicit- 
ing responses  from  coccinellids  was  later  documented 
using  a Y-tube  olfactometer.  More  Har.  axyridis  beetles 
preferred  the  odour  of  leaves  of  buckthorn  naturally 
infested  with  Aphis  glycines  to  that  of  artificially  infested 
or  uninfested  buckthorn  (Bahlai  et  al.  2008;  Table 
5.39).  Similar  observations  with  prey  traces  have 
been  made  on  coccidophages.  Wax  and  honeydew  of 
mealybugs  {Phenacoccus  manihoti,  Planococcus  citri) 
arrested  Exochomus  flaviventris  and  Diomus  sp..  which 
are  predators  of  P.  manihoti,  the  cassava  mealybug  (van 
den  Meiracker  et  al.  1990). 

The  sex  pheromones  of  coccids  attract  coccido- 
phagous  ladybirds.  Rhyzohius  sp.  responded  to  sex 
pheromones  of  two  matsucoccids,  Matsucoccus  feytaudi 
and  M.  matsurnurae  (Branco  et  al.  2006). 

The  arrestant  effect  of  honeydew  has  been  used 
in  augmentative  biological  control,  in  which  hon- 
eydew being  replaced  by  sucrose.  Sucrose  dissolved 
in  water  (150g/l)  applied  to  alfalfa  arrested  C. 
septempunctata  and  C.  transversoguttata  richardsont, 
within  24^8  hours  ladybird  densities  increased  2-13 
times  in  the  centre  of  the  treated  plots,  whereas  in  the 
surrounding  fields  densities  of  ladybirds  decreased  to 
less  than  two-thirds  of  their  former  density.  Artificial 
honeydew’  might  be  used  not  only  to  bring  ladybirds 
to  fields  with  still  only  few  aphids,  but  also  - by  spray- 
ing an  adjacent  crop  - push  the  coccinellids  away 
from  fields  scheduled  for  insecticide  treatment  (Evans 
& Richards  1997).  In  a study  of  dispersal  using 
mark-release-recapture,  the  residence  time  of  beetles 
was  20-30%  longer  in  sugar-sprayed  plots  and  the 
density  of  unmarked  beetles  rose  by  a factor  of  10-20 
in  sugar-sprayed  plots  during  the  first  4-6  hours 
following  early  morning  spraying.  Such  a fast  aggre- 
gation seems  difficult  to  explain  by  random  arrival. 
Because  sugar  is  not  volatile,  the  authors  hypothesized 
that  later  arriving  ladybirds  were  attracted  by  earlier 
arrivals  (Van  der  Werf  et  al.  2000;  Chapter  9.4). 
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Table  5.39  Preferences  of  collected  adult  Harmonia  axyridis  recorded  in  a Y-type 
tube  olfactometer  for  cues  derived  from  a hedgerow  ecosystem  (modified  after  Bahlai 
et  al.  2008). 


Comparison 

% Choice 

T1 

T2 

n 

% Response 

T1 

T2 

R.  cathartica* 

Blank 

30 

75.0 

70.0 

30.0* 

R.  cathartica 

M.  domestica  odoU 

31 

77.5 

32.3 

67.7* 

R.  cathartica 

Artificially  aphid  infested 
R.  cathartica  odor 

32 

80.0 

53.1 

46.9 

R.  cathartica 

Naturally  aphid  infested 
R.  cathartica  odor 

38 

95.0 

31.6 

68.4* 

*Rhamnus  cathartica  (buckthorn),  winter  host  oi  Aphis  glycines,  frequent  in  agri- 
cultural hedgerows. 

^Malus  domestica,  apple. 

♦Significant,  nonrandom  responses. 


Sensory  receptors 

The  spectral  sensitivity  and  structure  of  the  compound 
eyes  of  C.  septempunctata  adults  have  been  studied 
(Agee  et  al.  1990,  Lin&  Wu  1992,  Lin  et  al.  1992)  and 
photoreceptors  for  three  electromagnetic  wavelength 
ranges  have  been  documented:  UV,  green  and  a third 
between  UV  and  green.  Storch  (1976)  found  visual 
perception  to  be  of  little  importance  to  fourth  instar  C. 
transversoguttata;  however,  the  prolegs  were  import- 
ant in  the  detection  of  prey  as  they  bear  sensillae 
which  detect  prey  at  a distance.  Kesten  (1969)  thought 
that  the  maxillary  palps  are  perhaps  the  most  import- 
ant sensory  organs  through  which  both  adults  and 
larvae  of  Anatis  ocellata  recognize  prey.  Yan  et  al. 
(1982)  assumed  that  chemoreception  is  situated  in  the 
sensillae  on  the  terminal  segment  of  the  labial  palp  of 
C.  septempunctata  adults.  According  to  Nakamuta 
(1985),  prey  contact  by  maxillary  palps  or  maxillae 
elicits  capture  behaviour.  Da  Silva  et  al.  (1992) 
observed  that  Curinus  coeruleus  adults  seemed  unaware 
of  their  prey  {Heteropsylla  cubana)  until  contact  was 
made,  usually  with  the  maxillary  palps.  The  number  of 
sensory  receptors  on  the  maxillary  palps  was  com- 
pared across  coccinellid  adults  with  different  food 
specializations.  The  aphidophagous  polyphage  C. 
septempunctata  has  1800  chemoreceptors  on  each 
palp,  the  aphidophagous  oligophage  Cer.  undecimnotata 
has  1100  receptors  and  a coccidophagous  Chilocorus 
sp.  has  830  receptors.  In  all  three  cases  olfactory 
receptors  are  more  numerous  than  gustatory  ones. 
The  phytophagous  Epilachna  ‘chrysomelina' , however. 


has  more  gustatory  than  olfactory  receptors,  in  total 
only  480  (Barbier  et  al.  1996).  The  importance  of  the 
maxillary  palps  for  discriminating  between  clean  sur- 
faces and  those  with  deterrent  larval  tracks  (5. 4. 1.3) 
was  proved  by  maxillary  palp  amputation  in  experi- 
ments with  Cycloneda  limhifer  and  Cer.  undecimnotata 
(Ruzicka  2003).  Sensilla  on  antennae  of  Har.  axyridis 
were  described  in  detail  by  Chi  et  al.  (2009). 


Vision 

A strong  positive  response  to  yellow  (chosen  from 
seven  colours)  sticky  panels  was  exhibited  by  C. 
septempunctata  adults,  while  Hip.  parenthesis  did  not 
show  visual  orientation  to  any  particular  colour 
(Marediaet  al.  1992).  Lorenzetti  etal.  (1997)  reported 
a significantly  greater  abundance  of  coccinellids  on 
stressed  and  therefore  yellow  maize  plants,  while 
chrysopids  preferred  greener  control  plants.  Labora- 
tory experiments  also  examined  the  role  of  vision  in 
close-proximity  foraging  behaviour  in  three  of  four 
species,  but  colour  vision  in  only  two  species  (Harmon 
et  al.  1998).  It  is  not  clear  how  pollinivory  in  Col. 
maculata  is  related  to  the  finding  in  this  study  that  this 
species  appears  not  to  use  colour  or  any  other  type  of 
visual  cue.  When  responding  to  red  or  green  morphs 
of  Acyrthosiphon  pisum  on  green  or  red  backgrounds, 
C.  septempunctata  could  distinguish  between  red 
and  green  morphs  and  used  colour  contrast  with  the 
background  in  foraging.  Har.  axyridis,  however,  con- 
sumed more  red  than  green  morphs  regardless  of 
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background.  Hip.  convergens  did  not  respond  to  colour, 
but  its  foraging  was  decreased  in  the  dark  (Harmon 
et  al.  1998). 

In  an  arena,  Har.  axyridis  adults,  particularly 
females,  strongly  preferred  yellow  paper  pillars  over 
green  ones.  This  has  recently  been  confirmed  by 
Adedipe  and  Park  (2010).  No  female  visited  the  green 
pillars  (Mondor  & Warren  2000).  These  authors  also 
found  a clear  effect  of  conditioning  once  the  females 
had  located  the  food  on  top  of  the  green  pillars  over  a 
3-week  period:  they  then  spent  more  time  searching 
green  than  yellow  pillars  in  a subsequent  trial.  These 
interesting  findings,  however,  do  not  seem  to  prove  that 
Hai:  axyridis  adults  ‘effectively  locate  prey  over  large 
distances'  as  interpreted  by  Rutledge  et  al.  (2004). 
These  important  results  relate  to  the  question  posed 
recently  by  Pasteels  (2007):  ‘To  what  degree  are  lady- 
bird responses  to  various  cues  innate  or  learned.?’  Also 
coccinellid  larvae  can  learn:  rejection  of  lower  quality 
prey  (parasitized  old  versus  non-parasitized  young  lepi- 
dopteran  eggs)  by  fourth  instars  of  Col.  maculata  grad- 
ually increased  at  subsequent  encounters  (Boivin  et  al. 
2010).  This  learned  behaviour  was  partly  forgotten 
after  48  hours. 

In  visual  bioassays  in  a tube  arena,  Har.  axyridis 
significantly  chose  silhouettes  over  blank  spaces 
(Bahlai  et  al,  2008),  As  with  a study  on  Chil.  nigritus 
(Hattingh  & Samways  1995),  the  authors  interpret  the 
finding  as  indicating  long-range  visual  orientation 
for  location  of  prey  habitats.  Another  tenable  explana- 
tion might  he  that  the  response  to  silhouettes  was 
related  to  the  hypsotactic  orientation  to  hibernation 
sites  (Chapter  6.3,1). 

Olfaction 

A full  understanding  of  the  olfactory  response  of  coc- 
cinellids  to  their  prey,  particularly  Sternorrhyncha, 
has  to  be  based  on  complex  studies  of  the  chemo- 
ecological  properties,  not  only  of  the  phytophagous 
prey  but  also  of  their  host  plants.  Chemical  cues  from 
both  damaged  and  intact  plants,  and  sex  pheromones 
and  alarm  pheromones  of  the  prey  have  to  be  included 
in  research.  Recent  general  reviews  may  be  found  in 
Pickett  and  Glinwood  (2007),  Hatano  et  al.  (2008)  and 
Pettersson  et  al.  (2008)  (also  Chapter  9).  In  the 
response  to  combined  signals  there  may  he  a high 
degree  of  mutual  synergism,  e.g.  to  prey  plus  prey 
waste  (Bahlai  et  al.  2008:  Table  5.39)  or  inhibition 


(e.g.  inhibition  of  response  to  (E)-(3-farnesene  by  the 
alarm  pheromone  inhibitor  (-)-|3-caryophyllene:  Al 
Abassi  et  al.  2000).  Thus  it  is  not  surprising  that  there 
are  inconsistencies  across  experimental  results,  par- 
ticularly when  individual  olfactory  cues  are  studied  in 
isolation. 

Olfactory  responses  were  detected  many  times  in 
coccinellids  in  the  late  1990s  and  2000s.  when  olfac- 
tometers and  electroantennograms  (BAG)  began 
to  be  used.  However,  already  in  the  1960s,  Colburn 
and  Asquith  (1970)  had  found  that  Stethorus  punctum 
adults  were  attracted  to  their  prey  by  smell  in  an 
olfactory  cage.  Sengonca  and  Liu  (1994)  demon- 
strated in  an  eight-arm  olfactometer  that  adults  of  C. 
septempunctata  were  attracted  to  odours  of  two  aphid 
species,  while  the  odour  of  a non-prey  insect,  Epilachna 
varivestis,  was  not  attractive.  In  contrast,  in  a Y-tube 
olfactometer  and  a choice  arena,  Schaller  and  Nentwig 
(2000)  did  not  find  a positive  response  of  C.  septem- 
punctata to  its  essential  prey  Acyrthosiphon  pisum  or  its 
honeydew,  while  they  found  positive  orientation  to 
plant  stimuli  and  of  males  to  females.  A strong  odour 
of  aphids  ( 1000  Myzus  persicae)  stimulated  female  Har. 
sedecimnotata,  that  had  been  deprived  of  aphid  prey  for 
30  days,  to  lay  eggs  rapidly  (Semyanov  & Vaghina 
2001).  The  females  of  Cycloneda  sanguinea  reacted 
more  intensively  to  a superior  prey,  Macrosiphum 
euphorbiae,  than  to  an  inferior  prey,  Tetranychus  evansi, 
while  they  responded  negatively  to  plants  hosting 
another  coccinellid  Eriopis  connexa  (Sarmento  et  al, 
2007). 

In  several  experiments  coccinellids  have  been  found 
to  respond  to  the  cues  emanating  from  intact  plants 
without  prey.  In  Col.  maculata,  the  greatest  BAG 
responses  were  to  a plant  cue,  the  maize  volatiles 
alpha-terpineol  and  2-phenylethanol,  and  to  the  aphid 
sex  pheromone  (4aS,  7S,  7aR)-nepetalactone  (Zhu  et 
al.  1999).  The  response  of  Col.  maculata  to  maize  vola- 
tiles may  he  related  to  the  feeding  of  this  species  on 
maize  pollen  (J.J.  Sloggett,  unpublished).  Coccinella  sep- 
tempunctata also  responded  positively  in  a four-arm 
olfactometer  to  the  single  plant  volatile  (Z)-jasmone. 
However,  the  response  of  C.  septempunctata  to  a combi- 
nation of  cues  from  barley  and  two  weeds,  Cirsium 
arvense  and  Elytrigia  repens  was  higher  than  to  barley 
alone,  both  in  the  field  and  in  an  olfactometer  (Birkett 
et  al,  2000).  In  contrast,  neither  Myzus  persicae  alone, 
nor  cabbage  alone  (also  when  dammaged  mechani- 
cally) were  attractive  for  larvae  and  adults  of  Har. 
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Table  5.40  Response  of  aphid  predators  choosing  tea  shoot-aphid  complexes  {Toxoptera  aumntii)  or  blank  control  in  a Y-tube 
olfactometer  (modified  after  Han  & Chen  2002). 


Number  of  aphids/100 

2 

4 

6 

8 

12 

20 

28 

36 

Number  of  aphid-damaged  shoots 

4 

10 

15 

20 

30 

50 

70 

90 

Number  of  naturai  enemies  choosing  odor 
or  controi 

Chrysopa  sinica  Odor 

10 

11 

12 

13 

13 

15* 

17** 

19** 

Controi 

10 

9 

8 

7 

7 

5 

3 

1 

Cocdnella  septempundata  Odor 

10 

12 

13 

14 

15* 

17** 

18** 

19** 

Controi 

10 

8 

7 

6 

5 

3 

2 

1 

test  is  used  to  determine  the  difference  between  number  of  natural  enemies  choosing  odor  and  number  of  choosing 
controi. 

* and  **  indicate  statisticai  significance  at  P < 0.05  and  P < 0.01,  respectiveiy. 


axyridis.  Only  cabbages  with  60  aphids  were  attractive 
(Yoon  et  al.  2010). 

A.  hipunctata  adults  responded  to  a combined  stim- 
ulus of  host  plant  (Vida  faba)  and  aphid  (Aphis 
fabae)  and  not  to  the  control  odour  source  which  was 
the  plant  alone  (Raymond  et  al.  2000).  Cocdnella 
septempundata  adults  responded  to  several  sources 
of  semiochemicals  related  to  tea  aphids,  Toxoptera 
aurantii  (rinses  of  aphid  cuticle,  honeydew  and  vola- 
tiles emitted  from  aphid-damaged  tea  shoots).  An 
increase  in  dose  of  any  of  the  above  cues  decreased  the 
BAG  responses  of  C.  septempundata  (Han  & Chen  2002; 
Table  5,40). 

Larvae  and  adults  of  A.  bipunctata  were  attracted  by 
crushed  A.  pisum  and  M.  persicae,  but  not  Brevicoryne 
hrassicae.  (E)-|3-farnesene  (EBB),  the  aphid  alarm 
pheromone,  was  proved  by  bioassay  with  the  pure 
compound  to  be  the  effective  semiochemical  involved 
in  the  attraction.  Plant  leaves  alone  (V.  faba.  Brassica 
napus,  Sinapis  alba)  or  leaves  with  intact  aphids  did 
not  attract  ladybirds.  The  volatile  sesquiterpene  EBB 
attracted  both  male  and  female  Har.  axyridis  and  elic- 
ited BAG  responses  (Verheggen  et  al.  2007).  Volatili- 
zation of  EBB  was  quantified  for  60  minutes:  after 
the  initial  burst  it  declined  exponentially,  but  detectable 
amounts  were  still  present  after  30  minutes  (Schwartz- 
berg  et  al,  2008),  The  absence  of  attraction  by  B. 
hrassicae  has  been  assumed  to  be  due  to  inhibition  of 
the  aphid  alarm  pheromone  by  isothiocyanates  that 
are  emitted  from  this  aphid  (Francis  et  al,  2004), 
Similar  inhibition  of  the  attractiveness  of  EBB,  this  time 


by  (-)-P-caryophyllene,  was  demonstrated  by  Al  Abassi 
et  al,  (2000),  Such  inhibition  might  explain  why  B. 
hrassicae  siphuncle  droplets  (containing  EBB)  were  not 
attractive  to  Har.  axyridis  in  contrast  to  those  from  A. 
pisum  (Mondor  & Roitberg  2000), 

The  phenomenon  that  plants  damaged  by  herbiv- 
ores produce  volatiles  attracting  their  natural 
enemies,  originally  discovered  in  phytophagous  and 
predaceous  acari  (Dicke  et  al,  1990)  as  well  as  in 
caterpillars  and  their  parasitoids  (Turlings  et  al, 
1990),  has  also  been  studied  in  ladybirds  (Ninkovic 
et  al,  2001),  Significantly  more  methylsalicylate 
was  released  from  aphid-infested  than  from  unin- 
fested soybean  plants.  In  addition,  (D)-limonene  and 
(E,E)-a-farnesene  were  released.  Studies  coupling  gas 
chromatography  to  EAG  with  volatile  extracts  from 
soybean  plants  showed  that  methylsalicylate  elicited 
significant  electrophysiological  responses  in  C.  septem- 
punctata.  In  field  tests,  traps  baited  with  methylsalicylate 
were  highly  attractive  to  C.  septempundata  adults, 
but  not  to  Har.  axyridis  (Zhu  & Park  2005),  Attraction 
by  volatiles  from  a damaged  host  plant  (sagebrush, 
Artemisia  tridentata)  has  also  been  demonstrated  for 
two  further  coccinellid  species.  Hip.  convergens  and 
Brumoides  septentrionis  (Karban  2007),  Aiolocaria 
hexaspilota.  a predator  of  chrysomelid  larvae,  also 
responds  to  volatiles  (E-p-ocimene  is  the  most  abun- 
dant) from  willows  damaged  by  the  larvae  but  not  the 
adults  of  the  chrysomelid  (Yoneya  et  al.  2009).  The 
production  of  volatiles  depends  on  the  severity  of  plant 
damage.  Thus  Rhopalosiphum  maidis.  which  uses 
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intercellular  stylet  penetration,  does  not  damage  plant 
cells  of  maize  and  this  is  probably  why  emissions  of 
volatiles  were  not  recorded  by  Turlings  et  al.  (1998). 

Volatiles  can  be  destroyed  by  air  pollutants. 
Common  herbivore-induced  plant  volatiles,  such  as 
inducible  terpenes  and  green-leaf  volatiles,  are  com- 
pletely degraded  by  exposure  to  moderately  enhanced 
atmospheric  ozone  (O3)  levels  (60  and  120nl/l). 
However,  orientation  of  natural  enemies  was  not  dis- 
rupted in  assays  of  either  of  two  tritrophic  systems 
involving  parasitoids  and  acarophagous  acari,  and  a 
similar  situation  in  coccinellids  may  be  assumed.  Other 
herbivore  induced  volatiles,  such  as  a nitrile  and 
methyl-salicylate,  were  not  reduced  by  elevated  O3  and 
might  thus  replace  the  above  less  stable  volatiles  as 
attractants  (Pinto  et  al.  2007). 


General  remarks  on  sensory  orientation 

After  a long  period  in  which  sensory  orientation  of 
ladybirds  was  considered  unimportant  (with  excep- 
tions such  as  Fleschner  1950.  Allen  et  al.  1970,  Marks 
1977,  Obata  1986  and  in  the  case  of  large  ladybirds), 
there  now  seems  to  be  a general  consensus  in  favour  of 
non-contact  sensory  orientation,  both  visual  and 
olfactory,  to  conspecifics  and  prey,  and  also  olfactory 
orientation  to  volatiles  from  prey-damaged  plants  (Zhu 
& Park  2005,  Karban  2007)  or  even  intact  plants  (Zhu 
et  al.  1999,  Birkett  et  al.  2000).  An  important  novel 
observation  appears  to  open  new  directions  of  research: 
this  is  that  the  learned  response  to  colours  recorded 
by  Mondor  & Warren  2000)  may  not  be  limited  just  to 
colours.  The  olfactory  responses  to  volatiles  indicate 
that  they  involve  complex  synergistic  relations  between 
the  cues  emanating  from  host  plants  and  prey,  but  also 
by  antagonistic  relations  such  as  between  allelochemi- 
cals  from  plants  and  aphid  alarm  pheromone. 

Agrawal  (2011)  considers  jasmonic  acid  a master 
regulator  of  plant  defensive  responses. 

An  irony  of  research  history  lies  with  Marks’  (19  77) 
two  findings  and  interpretations.  These  were  not 
believed  at  the  time  by  experienced  authors,  but  redis- 
covered much  later  in  the  deposition  of  a chemical 
marker  by  the  larval  anal  disc  (Laubertie  et  al.  2006) 
and  perception  of  the  cue  by  the  maxillary  palps  in 
adults  (Ruzicka  2003)  and  larvae  (Reynolds  2007, 
Rutledge  et  al.  2008). 

Attempts  to  understand  perception  and  processing 
of  olfactory  signals  from  food  (and  conspecifics)  by 


coccinellids  are  still  in  their  infancy.  In  the  held,  the 
volatile  semiochemicals  are  mixed  and  diluted,  creat- 
ing a dynamic  olfactory  environment.  To  interpret 
the  complex  natural  situation,  researchers  should  not 
content  themselves  with  only  studying  coccinellid  lit- 
erature. Studies  on  this  topic  in  parasitoids  are  more 
advanced:  general  reviews,  such  as  e,g.  Vet  and  Dicke 
(1992),  De  Bruyne  and  Baker  (2008),  van  Emden 
et  al.  (2008),  Lei  and  Vickers  (2008)  and  Riffell  et  al. 
(2008)  can  provide  important  insights  for  coccinellid 
researchers. 

The  notorious  temporary  absence  of  aphid  prey  and 
the  frequent  need  to  feed  on  alternative  prey  evidently 
worked  against  the  evolution  of  the  gustatory  senses 
in  aphidophagous  and  other  predaceous  ladybirds. 
This  is  indicated  both  by  their  inability  to  discriminate 
between  suitable  and  toxic  prey  (5. 2. 6.1)  and  the  low 
number  of  gustatory  sensors  on  the  palps  compared  to 
much  larger  number  in  the  Epilachninae  (p.  223). 


5. 4. 1.3  Finding  an  oviposition  site 

Females  foraging  for  prey  search  mostly  in  parallel 
with  their  search  for  suitable  oviposition  sites.  Thus 
much  of  the  evidence  dealing  with  sensory  orientation 
(5.4. 1.2)  is  equally  important  when  considering  ovipo- 
sition. The  most  important  cue  would  seem  to  be  the 
amount  and  quality  of  prey  available:  thus  ensur- 
ing that  the  hatching  larvae  do  not  have  to  travel  too 
far  before  finding  aphids.  Honek  (1980)  ascertained 
the  aphid  density  necessary  for  the  induction  of  egg 
laying  by  C.  septempunctata  on  several  crops.  However, 
this  is  not  the  only  important  factor;  here  there  is  ‘a 
trade-off  between  two  opposing  risk  factors:  potential 
progeny  starvation  if  eggs  are  laid  too  far  from  the 
food  supply,  and  their  potential  loss  to  cannibalism  or 
predation  if  they  are  laid  in  too  close  proximity’ 
(Michaud  & Jyoti  2007).  This  paper  reports  how  Hip. 
comergens  females  solve  that  dilemma  on  sorghum 
plants  infested  by  Rhopalosiphum  maidis  in  Kansas 
fields.  The  egg  clusters  are  typically  placed  on  the 
undersides  of  lower,  non-infested  leaves  and  stems, 
some  30-50 cm  distant  from  the  aphid  colonies  that 
are  higher  up  on  the  plants,  in  the  whorl.  Osawa  also 
(1989,  2003)  stressed  that  Har.  axyridis  females  ovi- 
posit a metre  distant  from  the  nearest  aphid  colonies 
on  Prunus  persica  trees.  This  behaviour  apparently 
evolved  under  the  pressure  of  intense  predation  on 
ladybirds  near  aphid  colonies.  Eggs  of  C.  magnifica 
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Ac.  Ac.  Am.  Am. 

ostryaefolia  ostryaefolia  hybridus  hybridus 

with  prey  without  prey  with  prey  without  prey 


Figure  5.38  Number  (±SE)  of  Cokomegilla  maculata  egg 
clusters  oviposited  over  an  8-day  period  on  Acalypha 
ostryaefolia  and  Amaranthus  hybridus  plants  with  and 
without  prey  (200  Heliothis  zea  eggs)  added  every  other  day. 
Means  sharing  the  same  letter  are  not  significantly  different 
(P  > 0.05,  Fisher  protected  LSD  test)  (from  Griffin  & Yeargan 
2002). 


were,  however,  laid  as  close  as  <10  cm  from  aphids 
(Sloggett  & Majerus  2000). 

Another  egg  protection  behaviour  reported  in 
two  tritrophic  systems  is  the  occurrence  of  a large 
number  of  eggs  of  coccinellids  on  highly  pubescent 
plants.  Higher  egg  predation  on  plants  with  less  or  no 
pubescence  has  probably  selected  for  this  oviposition 
preference.  Although  the  presence  of  trichomes  on 
leaves  of  aphid-resistant  potato  hinders  the  movement 
of  coccinellid  larvae  (C.  septempimctata,  C.  leonina 
tmnsversalis,  Col.  maculata,  Hip.  convergens),  particu- 
larly of  first  instars,  such  potato  plants  often  harbour 
many  eggs.  Highly  pubescent  plants  had  the  highest 
percentage  of  coccinellid  eggs,  while  plants  with  the 
lowest  densities  of  trichomes  had  the  highest  percent- 
age of  beetles.  The  difference  was  not  caused  by  a 
difference  in  the  abundance  of  aphids.  It  is  possible  that 
the  eggs  were  more  readily  removed  by  cannibalism 
on  the  low-pubescence  plants  (Obrycki  & Tauber 
1984,  1985).  Cokomegilla  maculata  females  also  prefer 
to  lay  eggs  on  plants  with  glandular  trichomes  of  velvet 
leaf  (Abutilon  theophrasti)  or  Acalypha  ostryaefolia, 
although  they  spent  more  time  on  smooth  pigweed 
plants  (Amaranthus  hybridus)  (Griffin  & Yeargan  2002, 
Staley  & Yeargan  2005,  Seagraves  & Yeargan  2006; 


Ab.  Ac.  Am.  Z. 

theophrasti  ostryaefolia  hybridus  mays 


Figure  5.39  Percentage  (±SE)  of  Cokomegilla  maculata  egg 
clusters  attacked  by  predators  on  selected  plants  over  a 24 
hour  period.  Plants:  Abutilon  theophrasti,  Acalypha 
ostryaefolia,  Amaranthus  hybridus,  Zea  mays.  Means  sharing 
the  same  letter  are  not  significantly  different  (P  > 0.05, 
Pisher  protected  LSD  test)  (from  Griffin  & Yeargan  2002). 


Figs  5.38,  5.39).  Almost  10  times  more  Col.  maculata 
eggs  were  found  on  the  pubescent  tomato  companion 
crop  than  on  less  pubescent  maize  and  the  eggs  on 
tomato  had  2. 6-5. 9 times  higher  survival. 

Aggregation 

Localized  aphid  densities  are  usually  variable  within 
fields  and  the  predators'  aggregation  to  patches  of 
high  aphid  density  has  often  been  observed.  The 
aggregation  results  during  intensive  search  from 
slowed  movement  adopted  after  finding  prey  (5. 4. 1.2), 
and  has  been  termed  the  ‘aggregated  numerical 
response’  (5.3.5).  This  spatial  dimension  in  predator- 
prey  interactions  has  been  emphasized  by  Kareiva  and 
Odell  (1987)  and  Kareiva  (1990)  (5. 4. 1.1  for  details). 

Age  of  prey  colony 

The  adaptive  significance  of  reduced  attractiveness  to 
predators  of  very  old  colonies  seems  obvious.  But  it  is 
not  easy  to  define  the  cues  used  by  the  ladybirds  to 
determine  colony  age.  On  200  Pittosporum  tobira  trees 
in  the  open,  Johki  et  al.  (1988)  observed  that  adults  of 
several  coccinellid  species  were  less  attracted  to  aphid 
colonies  which  were  so  old  that  the  trees  were  sticky 
with  honeydew.  The  number  of  coccinellid  adults 
increased  with  increasing  prey  density  only  until 
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Table  5.41  Abundance  of  coccinellids  (mean  number  per 
tree)  in  relation  to  aphid  infestation  (Toxoptem  odinae,  Aphis 
spiraecola)  on  trees  of  Pittosporum  tolrira  (Johki  et  al.  1988). 


Infestation  grade* 

0 

1 

II 

III 

IV 

Harmonia  axyridis 

0 

0,87 

1.41 

1.60 

0.32 

Coccinella 

0 

0,25 

0.27 

0.36 

0.32 

septempunctata 

Menochilus 

0 

0,31 

0.64 

0.57 

0.26 

sexmaculatus 

Propylea  japonlca 

0 

0,21 

0.29 

0.42 

0.21 

Scymnus  posticalis 

0 

0,28 

0.25 

0.47 

0.05 

Number  of  trees 

8 

61 

59 

53 

19 

*1-111,  each  colony  consists  of  a fundatrix  and  few  young 
nymphs  (I),  of  10-20  nymphs  (II),  of  21-50  nymphs  (III); 
IV, colonies  extend  from  leaf  to  stem  (honeydew  makes 
the  tree  sticky).  Kyoto,  Japan,  20  May. 

the  colonies  contained  50  nymphs  (Table  5.41).  It  is  a 
pity  that  the  number  of  eggs  laid  is  not  given.  The  nega- 
tive effect  of  the  excessively  high  aphid  infestation  was 
strong  for  the  small  Scymnus  posticalis  and  negligible 
for  C.  septempunctata. 

In  the  laboratory,  a significantly  lower  number  of 
Chilocorus  nigritus  adults  were  found  on  Cucurbita  fruits 
with  high  infestations  of  Aspidiotus  nerii  (>60  scales 
per  cm^)  than  on  less  heavily  infested  fruits  (24  scales 
per  cm^)  (Erichsen  et  al.  1991).  Based  also  on  earlier 
findings  (Samways  1986)  the  authors  assumed  that 
the  coccids  become  less  suitable  prey  at  such  a high 
density.  This  is  one  of  rare  reports  on  this  topic  in 
coccidophagous  ladybirds,  where  the  decision  on  ovi- 
position  site  is  less  critical  due  to  the  coccid  population 
being  much  more  stable  in  time  than  aphids. 

Females  of  C.  septempunctata  laid  significantly  more 
eggs  in  a 4-hour  period  on  previously  uninfested 
3-week  old  bean  plants  infested  with  immature  aphids 
than  on  previously  infested  2-month  old  plants  with 
adult  aphids  (Hemptinne  et  al.  1993).  The  authors 
related  the  decrease  in  oviposition  with  the  combi- 
nation of  older  plants  and  older  aphids  (the  ‘old 
combination’  of  the  paper)  to  the  presence  of  adult 
aphids  indicating  a greater  age  for  the  aphid  colony. 
However,  the  presence  of  adult  aphids  as  an  indication 
of  ‘risky’  old  colonies  was  not  accepted  by  Hodek 
(1996,p,214)  and  later  the  hypothesis  was  withdrawn 
(Dixon  2000,  p,  128):  ‘aphidophagous  ladybirds  do  not 
appear  to  use  cues  associated  with  the  age  structure  of 


larva  female  larva  female  larva  adult 
Treatments 

Figure  5,40  The  effect  of  mutual  sizes  on  deterrence. 
Number  (±SE)  of  eggs  laid  in  3 hours  (vertical  axis)  by 
Menochilus  sexmaculatus  (MS)  females  in  interaction  with 
larvae  or  adults  of  conspecific  or  heterospecilic  predators 
(horizontal  axis).  Same  letters  above  bars  indicate  no 
difference  between  the  treatments  (Scheffe  multiple  range 
test,  P > 0,05),  CT,  Coccinella  leonina  tmnsversalis:  SP, 
Scymnus  pyrocheilus  - small  size  (modified  from  Agarwala 
et  al,  2003a,  b). 


the  aphid  colony  or  phenological  age  of  the  plant,  but 
respond  positively  to  high  aphid  abundance’,  Majerus 
(1994,  p,  315)  reported  coccinellids  ovipositing  at  old 
aphid  colonies  on  nettles.  In  the  above  observations  by 
Johki  et  al,  (1988)  and  Hemptinne  et  al,  (1993),  the 
negative  cue  was  probably  the  excessive  presence  of 
honeydew  that  can  impede  movement  of  coccinellids, 
particularly  of  small  species.  An  adequate  level  of  hon- 
eydew, however,  does  act  as  an  arrestant  (Carter  & 
Dixon  1984;  5, 4, 1,2), 

Oviposition  deterrence 

The  observation  that  A.  hipunctata  females  did  not  ovi- 
posit in  patches  where  they  encountered  conspecific 
larvae  led  at  first  to  the  erroneous  assumption  that  it 
is  physical  contact  that  produces  the  inhibition 
(Hemptinne  et  al,  1992),  although  Marks  (1977)  had 
already  suggested  much  earlier  that  coccinellid  larvae 
sign  the  surface  with  chemical  markers  from  their  anal 
disc.  Action  of  volatile  semiochemicals  was  dismissed: 
'Larval  odour  had  no  significant  effect  on  ladybird 
oviposition’  (Hemptinne  et  al,  1992,  p,  241),  More 
recently,  Agarwala  et  al,  (2003b;  Fig,  5,40)  again 
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Fresh  (0)  and  10  day  (10)  old  tracks 

Figure  5.41  Number  (±SE)  of  eggs  laid  by  10  Menochiliis 
sexmaculatus  females  on  substrates  with  and  without  larval 
tracks  in  choice  tests  with  tracks  of  first  instar  larvae  of:  Cs. 
conspecifics;  Cu,  Cemtomegilla  undedmnotata;  Cl,  Cycloneda 
limbifer:  Hd,  Harmonia  dimidiata.  (Wilcoxon  paired-sample 
test:  **.  P < 0.01;  ns.  not  significant)  (modified  from  Ruzicka 
2006). 


experimented  with  direct  encounters.  Menochiliis 
sexmaculatus  females  reduced  their  oviposition  when 
exposed  to  immobilized  conspecifics  or  C.  leonina  trans- 
versalis  individuals,  but  not  larvae  or  adults  of  Scymnus 
pyrocheilus',  this  small  ladybird  apparently  does  not  rep- 
resent a great  risk  of  being  an  intraguild  predator 
(Chapter  7). 

The  above  interpretations  pre-date  an  important  dis- 
covery: crawling  larvae  of  aphidophagous  predators 
deposit  oviposition-deterring  semiochemicals 
(ODS)  that  inhibit  conspecific  females  from  ovi- 
positing. This  discovery  was  made  both  with  chrys- 
opids  (Ruzicka  1994,  1996)  and  coccinellids  (Ruzicka 
1997,  Doumbia  et  al.  1998).  The  lasting  deterrence, 
based  on  persistent  semiochemicals  left  in  the  trail,  is 
obviously  more  efficient  than  direct  encounters.  The 
probability  of  inhibition  is  also  spatially  increased.  The 
distribution  of  offspring  among  numerous  prey  patches 
certainly  reduces  intraspecific  competition  and  canni- 
balism (Fig.  5.41). 

Although,  after  only  about  10  years  of  research, 
robust  comparisons  are  not  yet  possible,  the  deterrence 
of  conspecific  larval  tracks  seems  stronger  with 
smaller  coccinellid  species  (Ruzicka  2001).  While 
also  operating  in  C.  septempunctata,  this  deterrent 
mechanism  is  weaker  than  in  other  species,  e.g.  Cer. 
undecimuotata  (Ruzicka  2001;  Table  5.42).  The  ODS  left 


by  coccinellid  larvae  also  vary  among  species  in  their 
degree  of  environmental  persistence.  Whereas  the 
residues  of  Cycloneda  limbifer  lasted  >30  days  (Ruzicka 
2002),  10  days  in  A.  bipunctata  (Hemptinne  et  al. 
2001),  5 days  in  Cer.  undecinmotata  and  only  1 day  in 
C.  septempunctata  (Ruzicka  2002).  In  the  predator  of 
adelgids  and  the  green  spruce  aphid,  Aphidecta  obliter- 
ata,  the  inhibition  effect  of  larval  track  density  was 
studied  simultaneously  with  the  stimulatory  effect  of 
prey  density  (Oliver  et  al.  2006;  Fig.  5.42).  Oviposition 
deterrence  depends  on  the  physiological  condition  of 
the  ovipositing  female.  Old  females  of  A.  bipunctata 
were  less  reluctant  than  young  females  to  lay  eggs  in 
patches  with  ODS.  Oviposition  deterrence  similarly 
diminishes  due  to  continuous  exposure  for  1 5 days  to 
an  ODS  contaminated  paper  (Frechette  et  al.  2004;  Fig. 
5.43).  Intraspecific  oviposition  deterrence  was  also 
recorded  in  Har.  axyridis  females  of  a flightless  strain 
on  cucumbers  infested  with  A.  gossypii:  the  females 
moved  to  the  control  half  of  the  greenhouse  free  from 
conspecific  larvae  (Gil  et  al.  2004). 

The  overall  less  intensive  response  of  C.  septempunc- 
tata females  is  shown  by  their  low  sensitivity  to  tracks 
of  heterospecific  larvae,  for  example,  of  Cycloneda 
limbifer  (Ruzicka  2001).  This  may  indicate  that  the 
large  C.  septempunctata  is  less  sensitive  to  the  risk 
of  intraguild  predation  compared  to  smaller  native 
coccinellids.  Intraspecific  oviposition  deterrence  was 
confirmed  in  the  aggressive  intraguild  predator  Har. 
axyridis  (Chapter  7),  but  this  species,  not  surprisingly, 
exhibited  no  significant  response  to  larval  tracks  of  C. 
septempunctata  (Yasuda  et  al.  2000).  The  authors  plau- 
sibly assumed  that  this  low  oviposition-deterring 
response  reflected  a low  risk  of  predation  on  Har. 
axyridis  eggs  by  C.  septempunctata,  as  they  observed  in 
the  field  that  C.  septempunctata  avoided  eating  Har. 
axyridis  eggs. 

Michaud  & Jyoti  (200  7)  studied  the  intensity  of  het- 
erospecific  oviposition  deterrence  in  relation  to  niche 
overlap.  On  sorghum  plants  Hip.  convergens  responded 
intensively  to  conspecific  oviposition-deterring  cues. 
Heterospecific  oviposition  deterrence  of  Hip.  convergens 
females  to  Col.  maculata  larval  trails  was  weaker,  evi- 
dently due  to  a substantial  niche  overlap  between  the 
two  species  (Figs.  5.44,  5.45).  Magro  et  al.  (2007) 
arrived  at  a contrasting  conclusion  on  the  effect  of 
niche  overlap  when  they  recorded  a strong  oviposition- 
deterring  response  to  heterospecific  tracks  in  two 
Adalia  species,  while  C.  septempunctata  females  were 
not  deterred  by  the  tracks  of  both  Adalia  species.  Magro 
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Table  5.42  Egg  laying  by  females  of  Ceratomegilla  undecinmotata,  Harmonia  dimidiata,  Cydoneda  limbifer,  Cocdnella 
septempimctata  on  clean  substrates  with  tracks  of  first  instar  larvae  in  choice  test  (modified  after  Ruzicka  2001). 

Coccinellid  larvae  tested 


C.  limbifer  C.  undecimnotata  C.  septempunctata  H.  dimidiata 


Females  tested 

clean 

tracks 

clean 

tracks 

clean 

tracks 

clean 

tracks 

C.  limbifer 

eggs 

200  (21)** 

33  (13) 

276  (20)** 

38  (12) 

1 74  (39)  ns 

151  (32) 

230  (35)** 

91  (33) 

% eggs 

86 

14 

88 

12 

56 

43 

73 

27 

C.  undecimnotata 

eggs 

149  (25)  ns 

59  (18) 

180  (27)** 

49  (20) 

150  (21)  ns 

85  (17) 

212  (24)** 

16  (14) 

% eggs 

70 

30 

80 

20 

63 

37 

93 

7 

C.  septempunctata 

eggs 

196  (27)  ns 

191  (23) 

167  (15)  ns 

205  (33) 

367  (30)* 

208  (32) 

236  (23)  ns 

185  (39) 

% eggs 

50 

50 

47 

53 

64 

36 

59 

41 

H.  dimidiata 

eggs 

151  (26)  ns 

154  (21) 

137  (22)  ns 

93  (26) 

128  (22)  ns 

147  (19) 

173  (22)  ns 

109  (27) 

% eggs 

49 

51 

61 

39 

46 

54 

63 

37 

Mean  number  per  replicate  (SE  in  brackets)  and  mean  percentage.  Ten  females  of  each  species  were  tested  in  10 
replicates.  Numbers  of  eggs  on  substrates  were  compared  with  Wilcoxon  paired  sample  test,  *,  P < 0.05;  **,  P < 0.01 ; 
ns,  not  significantly  different  (P  > 0.05). 


Figure  5.43  The  percentage  of  experienced  (triangles)  and 
naive  (circles)  females  of  Adalia  hipimctata  that  laid  eggs  in 
oviposition-deterrence  (OD)  (black  lines)  and  control 
treatments  (grey  lines)  after  2,  4,  6,  8,  and  24  hours 
(modified  from  Frechette  et  al.  2004). 


Figure  5.42  Mean  number  of  eggs  laid  by  Aphidecta 
obliterata  females  over  24  hours  on  filter  paper  substrates 
differentially  contaminated  with  conspecific  larval  tracks 
made  by  different  numbers  of  larvae  across  a range  of  prey 
densities  (from  Oliver  et  al.  2006). 
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residues 


Figure  5 .44  Number  of  egg  masses  laid  by  3 8 Hippodamia 
convergens  females  on  four  types  of  three-leaf  sorghum 
plants  when  tested  individually  in  experimental  arenas  for 
24-48  hours.  Plant  treatments:  no  additional  stimulus 
(clean  plants):  a colony  of  Schizaphis  graminum-,  residues  of 
conspecific  larvae  (larval  residues);  a colony  of  S.  graminum 
and  conspecific  larval  residues.  Plus  and  minus  plant  types, 
respectively,  receiving  significantly  more  or  fewer  egg  masses 
than  would  be  expected  by  chance  if  no  plant  type  were 
preferred  over  any  other  (x^  goodness-of-fit  test,  P < 0.Q5) 
(from  Michaud  & Jyoti  2007). 


clean  plants  aphids  larval  aphids  + 
residues  larval 
residues 


Figure  5.45  Numbers  of  egg  masses  laid  by  56  Hippodamia 
convergens  females  on  four  types  of  three-leaf  sorghum 
plants  when  tested  individually  in  experimental  arenas  for 
24-48  hours.  Plant  treatments:  no  additional  stimulus 
(clean  plants);  a colony  of  Schizaphis  graminum  (aphids); 
residues  of  Coleomegilla  maculata  larvae  (larval  residues);  a 
colony  of  S.  graminum  and  C.  maculata  larval  residues 
(aphids  + larval  residues).  For  other  explanations  see  Fig. 
5.44  (from  Michaud  & Jyoti  2007). 


et  al.  (2007)  assume  that  the  three  studied  species 
do  have  overlapping  habitats  but,  in  fact,  A.  decem- 
pimctata  and  C.  septempunctata  only  exceptionally 
share  the  same  habitat  (Majerus  1994,  p.  142,  Honek 
1985;  also  Table  5.12  and  Fig.  5 . 1 6 in  Hodek  & Honek 
1996). 

With  Menochilus  sexmaculatus,  the  behavioural 
function  of  the  first  chemically  defined  ODS  was 
finally  proved  in  coccinellids.  A cuticular  alkene,  (Z)- 
pentacos-12-ene,  was  found  in  the  chloroform  extracts 
of  first  instars.  It  was  then  synthesized  and  its 
oviposition-deterring  activity  proved  by  bioassay 
(Klewer  et  al.  2007;  Table  5.43).  Several  semio- 
chemical  substances  were  also  found  in  A.  bipunctata 
(Hemptinne  et  al.  2001),  A.  decempiinctata  and  C. 
septempunctata  (Magro  et  al.  2007),  but  their  deterrent 
activity  was  not  checked  by  bioassays. 

Data  on  the  movement  of  females  (Ruzicka  & 
Zemek  2003)  seemingly  conflict  with  Ruzicka’s 
earlier  findings  (1997,  2001,  2002).  However,  the 
parameters  measured  here  were  different;  not  the 
number  of  eggs  laid,  but  the  time  spent  on  the 
substrates  and  the  distance  walked  on  them.  Females 
of  Cycloneda  limhifer  stayed  longer  on  a surface 
with  conspecific  tracks  than  on  a clean  surface.  In 
contrast,  they  stayed  less  time  where  there  were 
heterospecific  tracks  left  by  Cer.  undecimnotata  (Ruzicka 
& Zemek  2003).  Cer.  undecimnotata  also  spent  longer 
on  clean  substrates  than  on  those  with  conspecific 
tracks;  that  is,  it  behaved  in  a way  similar  to  the 
oviposition-deterrence  response.  When  number  of 
eggs  is  recorded  (Ruzicka  2003),  C.  limbifer  shows  the 
usual  oviposition-deterrence  response. 

Ruzicka  and  Zemek  (2008;  Fig.  5.46)  have  recently 
documented  with  an  automatic  video  tracking  system 
that  larvae  (fourth  instars  of  C.  limbifer)  also  respond 
to  the  tracks  of  conspecific  first  instars.  Inhibition 
of  larval  origin  by  conspecific  larvae  was  found  in 
Hip.  convergens  (Rutledge  et  al.  2008).  These  larval 
responses  to  larval  tracks  recall  the  old  findings  by 
Marks  (1977). 

Faeces  of  coccinellids  appear  to  have  a similar 
function  as  the  larval  tracks.  Females  of  Har.  axyridis 
and  P.  japonica  reduce  feeding  and  oviposition  when 
exposed  to  conspecific  larval  and  adult  faeces  or  a 
faecal  water  extract.  This  mechanism  might  prevent 
repeated  foraging  on  the  same  areas.  P.  japonica  also 
responded  to  the  faeces  of  Har.  axyridis  with  the 
response  being  even  stronger  than  that  to  conspecific 
faeces.  As  P.  japonica  is  a potential  IG  prey  while  Har. 
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Table  5.43  Number  of  eggs  laid  by  Menochilus  sexmaculatus  females  on  filter  paper 
treated  with  a chloroform  extract  of  conspecilic  first-instar  larvae  (*)  and  with 
different  amounts  of  (Z)-pentacos-12-ene  (+)  versus  solvent  controls  (after  Klewer  et 
al.  2007). 


Concentration  pg/cm^  or 
larval  equivalent/cm^  (*) 

Treatment 

Control 

Wilcoxon  test 

0.25* 

46  ± 6.7 

81 .5  ±4.7 

P = 0.002 

1.25(+) 

121.5  ± 12.4 

207.5  ± 10.9 

P = 0.004 

0.125(4-) 

105.0  ± 16.3 

166.7  ±11.0 

P = 0.006 

0.0125(-i-) 

148.7  ± 10.4 

135.9  ± 10.4 

P = 0.625 

Mean  number  of  eggs  laid  in  dual-choice  tests  with  10  replicates  of  10  females. 
Altogether  100  individuals  were  tested  in  10  replicates  in  one  test.  Wilcoxon 
paired  sample  test. 
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Figure  5 .46  Effects  of  conspecilic  tracks  of  first  instar 
Cydonedn  limhifer  on  (a)  the  distance  walked  and  (b) 
residence  time  of  fourth  instars  (modified  from  Ruzicka  & 
Zemek  2008). 


Table  5.44  Effect  of  water  extract  of  larval  and  adult 
feces  of  conspecifics  and  heterospecifics  on  oviposition  by 
Pwpylea  japonica  and  Harmonin  nxyrklis;  cues  of  the  small 
species  do  not  affect  oviposition  of  H.  axyridis  (after 
Agarwala  et  al.  2003a). 


Treatment  by 
water  extract  of 

Eggs  laid  after  24  hr  by 
female  (mean  ± SE) 

P.  japonica 

H.  axyridis 

P.  japonica  feces 

Adults 

Larvae 

7.8  ± 0.95  (a) 
7.3  ± 0.53  (a) 

40.5  ± 2.58  (a) 

37.5  ± 2.31  (a) 

H.  axyridis  feces 

Adults 

Larvae 

3.7  ± 0.81  (b) 
3.1  ± 0.67  (b) 

23.3  ± 2.57  (b) 
21.8  ± 1.73  (b) 

Water  only  (control) 

14.8  ± 1.14  (b) 

38.9  ± 2.00  (a) 

Different  letters  in  a column  indicate  significant  difference 
at  P < 0.05;  Scheffe’s  multiple  range  test  {n  = 10). 


axyridis  a strong  IG  predator,  the  response  may  help 
P.  japonica  to  avoid  dangerous  encounters  (Agarwala 
et  al.  2003a;  Table  5.44). 

Coccinellid  tracks  are  even  avoided  by  parasitoids. 
Aphidius  ervi  avoided  the  trails  of  C.  septempunctata 
adults  or  fourth  instars  (Nakashima  & Senoo  2003). 
The  signal  lost  its  function  rather  quickly,  after  about 
18-24  hours.  An  OD  response  to  eggs,  but  not  larval 
tracks,  was  found  in  a phytophagous  coccinellid 
Henosepilachna  niponica,  a specialized  herbivore  on 
Cirsium  kagarnontanum  (Ohgushi  & Sawada  1985). 

The  discovery  of  OD  caused  by  conspecilic  larval 
tracks  (Ruzicka  1994,  1997)  makes  the  scenario  likely 
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that  an  aphid  patch  becomes  - after  a certain  delay 
of  time  - unsuitable  for  ovipositing  females  due  to  a 

critical  density  of  larval  tracks  from  an  earlier 
oviposition. 

fn  a hypothetical  concept  Kindlmann  and  Dixon 
(1993)  expressed  a general  assumption  that  ‘the 
coccinellids  should  lay  a few  eggs  early  in  the  develop- 
ment of  an  aphid  colony’.  The  authors  rightly  mention 
that  their  model  is  relevant  only  for  isolated  aphid 
patches,  escape  from  which  might  hr  dangerous  for  the 
larvae  because  of  long  distance  to  alternative  patches, 
(i.e.  ‘when  no  other  aphid  colonies  are  available’,  in 
Kindlmann  and  Dixon  1993,  p.  448).  fn  most  situa- 
tions. however,  the  larvae  can  reach  another  food 
resource:  even  just  emerged  first  instar  larvae  may 
walk  without  prey  for  1 .0^1 . 5 days  (Banks  1957).  Ruz- 
icka’s  (1994)  discovery  of  oviposition  deterrence  was 
incorporated  into  the  concept  that  closing  of  the  period 
suitable  for  oviposition  ends  due  to  ‘the  adults’  response 
to  the  tracks  left  by  conspeciflc  larvae’  (Dixon  2000, 

p.  106). 

Coccinellid  species  often  have  specific  preferences  for 
certain  microhabitats  or  vegetation  strata  and  this 
affects  their  choice  of  oviposition  sites.  Thus  Col.  macu- 
lata,  which  prefers  more  shaded  and  more  humid  envi- 
ronments and  feeds  on  maize  pollen  that  has  fallen 
onto  the  lower  leaf  axils  (Ewert  & Chiang  1966,  Foott 
1973),  deposits  all  its  eggs  on  lower  leaves  of  the  maize, 
while  C.  septempunctata  and  Hip.  tredecimpunctata  lay 
about  one-third  of  their  eggs  on  upper  leaves  (Coderre 
& Tourneur  1986).  The  location  of  the  egg  batches 
may  also  be  affected  by  temperature  preferences: 
thus  in  early  spring  C.  septempunctata  prefer  the  warm 
lower  parts  of  wheat  plants  (Honek  1979,  1983). 
Sometimes  the  eggs  are  laid  in  unexpected  places. 
Females  sometimes  avoid  the  growing  parts  of  the 
plants,  which  are  usually  the  most  aphid-infested,  and 
instead  oviposit  in  places  unsuitable  for  the  hatching 
larvae,  e.g.  on  the  soil  or  stones  (Ferran  et  al.  1989). 
In  the  mild  winter  of  central  Honshu,  pupae  and/or 
eggs  of  C.  s.  brucki  were  found  in  directly  insolated  but 
unusual  microhabitats  such  as  metal  cans  or  paper 
and  wooden  material  on  sites  exposed  to  solar  radia- 
tion (Ohashi  et  al.  2005). 

5. 4. 1.4  Foraging  of  first  instars 

It  has  been  suggested  that  egg  size  is  constrained  by  the 
need  to  assure  energetic  reserves  for  the  neonate  larvae 
(Stewart  et  al.  1991).  Osawa  (2003)  questions  this 


premise  with  the  alternative  suggestion  that  newly 
hatched  larvae  get  energy  by  eating  conspecific 
eggs.  Sloggett  and  Lorenz  (2008)  suggested  that  egg 
nutrient  content  rather  than  egg  size  is  the  most 
important  means  of  parental  provision  of  energetic 
reserves.  They  compared  three  ladybird  species  (A. 
bipunctata,  A.  decempunctata,  Anisosticta  novemdedm- 
punctata)  that  exhibited  a decrease  in  egg  mass  as 
food  specialisation  increased.  As  the  more  specialised 
ladybirds  can  persist  at  lower  aphid  densities  than 
generalists  (Sloggett  & Majerus  2000,  Sloggett  2008b), 
it  would  appear  that  the  more  specialized  ladybirds  in 
this  comparison  are  not  provisioned  adequately  for  for- 
aging at  low  prey  density.  However,  analysis  of  the  eggs 
showed  that  the  smaller  eggs  of  A.  novemdedmpimctata 
contained  relatively  more  lipid  and  glycogen,  and  are 
thus  actually  the  richer  in  energy  (Sloggett  & Lorenz 
2008).  A part  of  the  lipid  remains  in  the  larva  as  an 
energy  source. 

Before  moving  on  to  the  following  section  on  the 
stresses  of  neonate  larvae,  we  draw  the  reader’s  atten- 
tion to  sections  5.2.8  and  8. 4. 5. 2. 

Newly  hatched  first  instars  risk  heavy  mortal- 
ity when  searching  for  prey  when  it  is  at  a very  low 
prey  density.  The  first  instar  larvae  of  aphidophagous 
ladybirds  spend  some  time  on  the  empty  eggshells 
(Banks,  1957,  reported  12-24  hours  for  P.  quatuordec- 
impunctata)  and  eventually  indulge  in  cannibalism. 
Then  they  can  maintain  their  active  search  for  prey  for 
2 5-3  5 hours  before  becoming  inactive  due  to  exhaus- 
tion. Therefore,  they  need  to  find  food  within  1.0-1. 5 
days  (Table  5.34,  p.  217).  Ng  (1988)  reported  similar 
evidence,  quoting  a survival  range  of  15-32  hours  for 
several  species. 

Sibling  cannibalism  on  eggs  of  the  same  clutch 
usually  prolongs  survival  (5.2.8)  and  the  searching 
capacity  of  newly  hatched  larvae.  The  consumption  of 
just  a single  egg  nearly  doubled  the  survival  of  the  first 
instars  (Banks  1954,  species  not  given).  Significantly 
increased  survival  of  first  instar  larvae  after  feeding  on 
sibling  eggs  that  hatch  late,  are  unfertilized  or  killed  by 
microorganisms  (Chapter  8.4),  was  also  later  recorded 
in  other  species  (see  Hodek  1996).  Hurst  and  Majerus 
(1993)  reported  not  only  an  increased  survival  (by 
75%).  but  also  an  increased  speed  of  movement  in 
neonate  larvae  of  A.  bipunctata  after  eating  an  egg. 
First  instar  Cheilomenes  lunata  moulted  to  the  second 
instar  after  eating  only  two  eggs  (Brown  1972).  This 
was  achieved  in  A.  bipunctata  (Banks  1956),  and  in  Hni: 
axyridis  (Osawa  1992b)  after  eating  three  eggs. 
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C.  maculata 


H.  convergens 


Figure  5.47  The  frequency  of  short  (<2m)  flights  (number  of  flights/min.)  by  Coleomegilla  maculata  and  Hippodamia 
convergens  in  relation  to  ambient  temperature  (°C)  and  cereal  aphid  density.  Note  differences  in  scales  of  the  vertical  axes 
(modified  from  Elliott  et  al.  2000). 


5 .4. 1 . 5 Movement  among  habitats/ 
patches  in  the  landscape 

After  small  scale  foraging  (e.g.  at  the  level  of  the  indi- 
vidual plant)  discussed  above,  we  now  discuss  larger 
scale  foraging.  Highly  mobile  coccinellid  generalists 
range  widely  and  feed  and  reproduce  in  many  habitats. 
When  a prey  patch  becomes  unsuitable  for  oviposition, 
the  females  search  for  other  favourable  patches;  their 
offspring  are  thus  widely  scattered.  Dispersion  is  aided 
by  the  deterrent  effect  on  oviposition  of  larval  tracks 
(5. 4. 1.3),  preventing  clumping  of  pre-imaginal  stages 
in  the  richest  patches  of  prey  and  reducing  intraspe- 
cilic  competition. 

Interspecific  differences  in  vagility  were  noted 
by  Elliott  et  al.  (1998,  2000;  Fig.  5.47),  who  observed 
that  the  more  vagile  C.  septempunctata  and  Hip.  conver- 
gens were  more  affected  by  broader  scale  variation  in 
landscape  structure  than  the  less  vagile  Col.  maculata 
and  Hip.  parenthesis  {see  also  Brewer  & Elliott  2004). 
Evans  (2004)  reported  that,  in  alfalfa  fields,  C.  sep- 
tempunctata females  are  more  abundant  when 
Acyrthosiphon  pisum  populations  are  low  than  are 
native  ladybird  species.  Snyder  et  al.  (2004)  suggested 


that  such  an  early  arrival  of  C.  septempunctata  to 
developing  aphid  colonies,  and  their  earlier  oviposition 
there,  gave  larvae  a size  advantage  over  the  later- 
developing  offspring  of  native  species. 

Habitat  features  (Chapter  4)  can  reduce  the  success 
of  ladybirds  in  locating  incipient  outbreaks  of  prey. 
Kareiva  (1987),  for  example,  found  that  habitat 
fragmentation  impaired  the  searching  ability  of  C. 
septempunctata  adults  foraging  in  experimental  arrays 
of  goldenrod,  with  isolated  aphid  populations.  The 
ability  of  ladybirds  to  discover  localized  prey  popu- 
lations reflects  effective  resource  tracking,  brought 
about  by  constant  movement  of  individuals  between 
host  plants  as  shown  for  Har.  axyridis  (Osawa  2000). 
Building  onKareiva’s  (1987)  results.  With  et  al.  (2002) 
found  that  adults  of  Har.  axyridis  tracked  aphid 
population  dynamics  more  effectively  than  did  adults 
of  Col.  maculata  within  and  across  experimentally 
fragmented  landscapes  with  10-80%  cover  of  red 
clover  planted  in  clumped  or  fragmented  fashion.  Grez 
etal.  (2005,  2008)  assessed  and  distinguished  between 
the  effects  of  habitat  loss  and  habitat  fragmentation  on 
population  levels  of  ladybirds  and  aphids  in  differently 
fragmented  plots  of  alfalfa. 
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The  use  of  alternative  habitats  by  C.  septempunc- 
tata  was  followed  in  detail  over  two  seasons  in  Michi- 
gan, USA,  by  Maredia  et  al.  (1992),  A diverse 
agroecosystem,  composed  of  a mosaic  of  habitats,  sup- 
ported C.  septempunctata  from  late  April  till  late  August, 
with  the  coccinellid  feeding  on  various  aphid  species  on 
annual  and  perennial  crops  (wheat,  maize,  soybean 
and  alfalfa),  poplar  and  weeds.  The  ability  of  ladybirds 
to  track  prey  populations  through  space  and  time  can 
lead  to  rapid  large-scale  changes  in  resource  use  by  a 
species,  as  in  the  colonization  of  orchards  by  Olla 
v-nigrum  following  the  invasion  of  the  citrus  psyllid  in 
Florida  (Michaud  2001),  In  northern  Italy,  Burgio 
et  al,  (2006)  observed  seasonal  movements  of  Hip.  vari- 
egata,  C.  septempunctata  and  P.  quatuordecimpunctata 
among  arable  crops,  fallow,  vegetable  crops  and  weedy 
field  margins. 

Immigration/ emigration 

A heterogeneous  landscape  presents  a mosaic  of 
potential  patches  within  which  highly  mobile  coccinel- 
lid adults  can  select  those  that  are  suitable.  The  initial 
discovery  by  predators  of  local  prey  populations  of 
low  density  is  intriguing.  When  such  responses  are 
rapid  and  strong,  ladybirds  may  be  effective  in  prevent- 
ing large-scale  outbreaks  of  their  prey  (Frazer  et  al. 
1981).  Field  experiments  reveal  that  small,  highly 
localized  populations  of  mites  and  aphids  can  be 
quicldy  discovered  and  reduced  in  size  by  ladybirds 
(Frazer  etal.  1981,  Congdonetal.  1993,  Evans  2004). 
Evidence  is  still  lacking  with  respect  to  the  sensory  cues 
employed  by  flying  coccinellid  adults  to  locate  prof- 
itable patches.  There  are  records  of  adult  olfactory 
responses  to  aphids  at  short  distances,  but  these  cues 
have  not  yet  been  checked  as  long-distance  attractants 
(5. 4. 1.2).  Visual  cues  (e.g.  host  discolouration  from 
aphid  damage)  might  act  over  longer  distances  (e.g. 
Lorenzetti  et  al.  1997).  Generally,  long-distance 
searching  behaviour  of  ladybirds  needs  further  inten- 
sive investigation. 

Many  workers  have  suggested  that  immigration 
rates  of  ladybirds  are  independent  of  local  prey  density 
(Ives  et  al.  1993,  Osawa  2000,  van  der  Werf  et  al. 
2000,  Cardinale  et  al.  2006).  In  the  study  by  Cardinale 
et  al.  (2006),  immigration  rates  of  adult  C.  septempunc- 
tata, Col.  maculata  and  Har.  axyridis  were  independent 
of  aphid  density  in  adjacent  1 m^  plots.  Elying  adults 
arrive  in  patches  at  random  and  then  make  decisions 
to  stay  or  leave  based  on  the  presence  or  abundance  of 


prey,  as  well  as  signals  left  by  conspecific  larvae 
(5. 4. 1.3).  Frazer  (1988)  estimated  that  as  many  as 
50%  of  ladybirds  emigrate  from  a patch  every  day 
only  to  be  replaced  by  immigrants.  Thus  the  abun- 
dance of  adult  coccinellids  in  a patch  reflects  the  net 
balance  between  rates  of  immigration  and  emigration. 
Empirical  evidence  indicates  that  there  is  greater  emi- 
gration from  patches  of  lower  quality  than  from 
patches  of  higher  quality  (Kareiva  1990).  When  placed 
on  individual  potted  plants  in  the  laboratory,  adults  of 
C.  septempunctata  varied  in  how  long  they  remained 
before  leaving,  depending  on  the  number  of  aphids 
present  (Minoretti  & Weisser  2000).  In  a diversified 
garden,  Osawa  (2000)  found  that  marked  adults  of 
Har.  axyridis  tended  to  stay  longer  at  sites  with  greater 
numbers  of  aphids.  The  rate  of  emigration  from 
an  alfalfa  field  was  particularly  high  in  one  of  three 
mark-recapture  experiments  in  which  the  resident 
aphid  density  was  especially  low  (van  der  Werf  et  al. 
2000).  On  a smaller  spatial  scale,  Cardinale  et  al. 
(2006)  used  visual  censuses  to  measure  emigration 
rates  of  adults  from  patches  of  alfalfa  with  one  of 
three  aphid  densities.  Emigration  rates  of  C.  septem- 
punctata and  Col.  maculata  (but  not  Har.  axyridis) 
increased  with  decreasing  aphid  density  among 
patches.  In  a model,  based  on  empirical  data  on  dis- 
persal of  aphidophagous  coccinellids,  the  best  fit  for 
three  scenarios  was  the  one  including  unconditional 
immigration  rates  (Krivan  2008;  5.3.5).  Detailed 
studies  on  the  emigration  of  ladybirds  are  warranted 
and  should  focus  on  the  levels  of  adult  satiation,  as 
suggested  by  Evans  (2003). 

Foraging  over  landscape  in  swarms 

In  spite  of  behavioural  traits  predicted  by  the  optimal 
foraging  theory  (5.4.1),  in  order  to  keep  the  abundance 
of  progeny  within  the  limits  of  optimal  fitness,  coc- 
cinellids can  exhibit  population  explosions  resulting 
in  travelling  swarms  of  young  ‘hungry’  beetles.  The 
'swarming'  beetles  may  ultimately  get  into  lakes  or  sea, 
are  then  washed  up  and  form  aggregations  on  beaches 
(Klausnitzer  1989,  Isard  et  al.  2001,  Denemark  & 
Losey  2010).  Although  the  ladybird  ‘swarming’  is  not 
yet  fully  understood,  it  has  been  recorded  many  times 
and  described  in  reviews  and  books  (e.g.  Hagen  1962, 
Hodek  1973,  p.  82,  Hodek  et  al.  1993,  Majerus  1994, 
p.  186,  Majerus  & Majerus  1996,  Nalepa  et  al.  1998, 
Turnock  & Wise  2004).  The  species  often  described  as 
behaving  in  this  manner  is  C.  septempunctata.  In  Surrey, 
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UK,  Majerus  (1994)  recorded  densities  of  over  1000 
pupae  of  C.  septempunctata  per  square  metre  in  a nettle 
patch.  There  were  126  individuals  on  a single  nettle 
stem.  For  Hip.  convergent,  Dickson  et  al.  (1955)  esti- 
mated 54,000  individuals  per  0.4  ha  of  alfalfa.  In  some 
years,  when  coccinellids  emerge  from  their  pupae, 
aphids  are  scarce,  having  already  been  consumed  by 
them  as  larvae  or  by  other  aphidophaga.  The  deterio- 
rating physiological  state  of  host  plants,  emigration  of 
aphids  and  their  infestation  by  fungi  also  play  a role  in 
the  disappearance  of  aphids. 

This  phenomenon  has  rarely  been  reported  in  other 
than  aphidophagous  coccinellids.  The  tendency  towards 
the  'risky'  overproduction  of  progeny,  particularly  in  C. 
septempunctata,  has  not  been  out-selected,  although  it 
seems  to  work  against  the  constraints  and  models  of 
an  'optimal'  strategy.  The  idea  that  overpopulation  is  a 
‘suboptimal  behaviour'  leading  to  ‘low  numbers  the 
following  year’  (Kindlmann  & Dixon  1993)  is  not  in 
concert  with  observations.  There  is  no  evidence  that 
fewer  adults  enter  dormancy  in  years  of  population 
explosion. 

Maximum  reproductive  potential  is  realized  in  spite 
of  the  risk  that  a great  proportion  of  the  offspring  is 
lost.  This  might  be  a result  of  the  evolutionary  trade-off 
between  such  loss  and  the  fact  that  individual  parents 
thereby  increase  the  probability  of  random  survival  of 
their  offspring.  Evidently  enough  individuals  originat- 
ing from  a population  explosion  survive  to  reproduce 
the  next  spring  and  perpetuate  this  life-history  trait. 
Perhaps  this  feature  is  one  reason  why  C.  septempunctata 
has  proved  to  be  an  exceptionally  successful  competitor 
during  the  rapid  expansion  of  its  distribution  area  in  the 
Nearctic  region  (Krafsur  et  al.  2005,  Snyder  & Evans 
2006.  Franks  McCoy  2007,  Harmon  et  al.  2007)  from 
the  Atlantic  to  the  Pacific  coast. 

5 .4. 1 .6  Ladybird  foraging  and  ants 

Many  species  of  ants  attend  honeydew-producing  Ster- 
norrhyncha  (see  also  Chapter  8.1.4).  Early  observa- 
tions and  experiments  showing  that  attendant  ants  are 
hostile  to  enemies  (including  Coccinellidae)  of  Sternor- 
rhyncha  are  summarized  by  Nixon  (1951)  and  par- 
ticularly by  Way  (1963).  Nixon  supposed  that  the  ants 
do  not  protect  the  honeydew  producers  actively  as  a 
source  of  food,  but  merely  incidentally.  Way  (1963) 
suggested  that  the  ants  are  aggressive  towards 
intruders  on  their  food  sources,  but  that  intruders  are 
tolerated  away  from  the  food  source.  From  a study  of  a 


colony  of  Aphis  fabae  on  Cirsium  arvense  tended  by 
Mynnica  ruginodis,  Jiggins  et  al.  (1993)  also  concluded 
that  the  ants  vigorously  defend  the  aphid  colony 
against  coccinellids  that  are  in  the  colony  or  nearby. 
Lasius  niger  workers  are  not  hostile  to  coccinellid  adults 
that  they  meet  away  from  attended  aphids  (Bhatkar 
1982).  Thus,  the  protection  given  by  ants  to  Sternor- 
rhyncha  is  related  to  their  value  as  a food  source. 

Defence  provided  by  attendant  ants  can  nullify  the 
effectiveness  of  aphid  predators  (Powell  & Silverman 
2010).  In  laboratory  experiments.  Aphis  gossypii 
was  tended  by  the  red  imported  fire  ant,  Solenopsis 
invicta,  which  was  killing  both  adults  and  larvae  of  Hip. 
convergent,  and  also  larval  chrysopids  and  syrphids 
(Vinson  & Scarborough  1989).  A project  of  inundative 
biological  control  of  aphids  (Brachycaudus  persicae,  B. 
prunicola,  Hyalopterus  pruni,  Myzus  persicae)  in  peach 
orchards  by  Adalia  bipunctata  larvae  was  impaired  by 
ants  {Lasius  niger,  Formica  rufibarbis)  until  the  latter 
were  excluded  from  the  trees  by  glue  bands  (Kreiter  & 
Iperti  1986).  Ants  may  kill  both  adult  and  larval  coc- 
cinellids (Sloggett  et  al.  1999).  Even  the  wax-producing 
larvae  of  Cryptognatha  nodiceps,  Pseudoazya  trinitatis 
and  Zagloba  aeneipennis  were  eaten  by  several  species 
of  ant  attending  the  coccid  Aspidiotus  destructor  in 
the  New  Hebrides  (Cochereau  1969).  However,  the 
specific  wax  with  ultraviolet  reflectiveness  (unique 
in  Coccinellidae)  does  protect  pupae  of  Apolinus 
lividigaster  (Richards  1980).  Scynmus  larvae  with 
experimentally  removed  wax  cover  were  more  vulner- 
able to  the  attacks  by  carabids  and  ants,  while  the  wax 
cover  did  not  influence  cannibalism  or  interspecific 
coccinellid  predation  (Voelkl  & Vohland  1996). 

Larvae  of  C.  septempunctata  had  a higher  predation 
rate  on  Aphis  craccivora  than  on  Acyrthosiphon  pisum 
when  neither  was  guarded  by  ants.  A.  pisum  is  a 
non-tended  aphid,  while  A.  craccivora  is  facultatively 
ant-tended.  The  difference  in  foraging  efficiency  of 
ladybirds  on  these  two  aphids  can  be  explained  by 
aphid  behaviour  (Table  5.45).  In  the  non-protected  A. 
pisum  dropping  off  from  plants  has  evolved  as  a 
response  to  alarm  pheromone.  This  predator-avoidance 
behaviour  decreases  the  efficiency  of  foraging  coccinel- 
lid larvae.  When  A.  craccivora  was  guarded  by  ants,  the 
predation  by  C.  septempunctata  larvae  was  much  lower 
than  in  absence  of  the  ants  (Suzuki  & Ide  2008).  An 
increase  in  coccinellid  populations  (mainly  A.  decem- 
punctata  and  Scynmus  interruptus)  was  observed  in 
citrus  trees  infested  by  Aphis  spiraecola  (Pihol  et  al. 
2009). 
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Table  5.45  Behaviour  of  Coccinella  septempunctata  larvae  and  two  species  of  aphids  on  Vida  faba  as  affected  by  ants  {Lasius 
japonicus)  (modified  after  Suzuki  & Ide  2008). 


In  the  presence 

In  the  absence  of  ants  of  ants 


Aphis  Acyrthosiphon 

craccivora  pisum  Aphis  craccivora 


Parameters  of  behaviour 

n 

Mean 

n 

Mean 

n 

Mean 

p* 

Aphids  attacked  (n  per  hr) 

20 

14.09 

a 

20 

14.97 

a 

100 

5.70 

b 

<0.0001 

Predation  success  rate 

20 

0.98 

a 

20 

0.74 

b 

81 

0.81 

ab 

0.0001 

Aphids  eaten  (n  per  hr) 

20 

13.74 

a 

20 

10.98 

b 

100 

4.22 

c 

<0.0001 

Aphids  escaped  by  dropping  (n  per  hr) 

20 

9.36 

a 

20 

59.05 

b 

100 

6.50 

a 

<0.0001 

Aphids  escaped  by  walking  (n  per  hr) 

20 

12.86 

a 

20 

2.26 

b 

100 

4.18 

c 

<0.0001 

Resident  time  on  plant  (s) 

20 

7942.80 

a 

20 

3500.60 

b 

100 

1438.20 

c 

<0.0001 

‘Kruskal-Wallis  test. 

Values  followed  by  different  letters  Indicate  significant  differences  (Mann-Whitney  U-test  with  BonferronI  adjustments 
for  multiple  tests,  P < 0.0167),  (values  of  SE  omitted). 


The  predation  rate  of  the  myrmecophilous  coc- 
cinellid  Azya  orhigera,  an  important  predator  of  the 
green  coffee  scale  Coccus  viridis,  is  not  decreased  in 
the  presence  of  the  mutualistic  ant  Azteca  instabilis. 
Furthermore,  the  ant  showed  aggressive  behaviour 
toward  A.  orbigem’s  parasitoids  and  its  presence  effec- 
tively decreased  the  parasitisation  (Liere  & Perfecto 
2008).  Similar  behaviour  was  observed  in  Platynaspis 
luteorubm  (Voelkl  1995). 

It  is  generally  assumed  that  the  Argentine  ant, 
Linepithema  humile,  tends  honeydew-excreting  scale 
insects  and  its  presence  impacts  negatively  on  natural 
enemies.  This  was  analysed  by  exclusion  experiments 
in  Californian  vineyards  infested  by  the  mealybugs 
Pseudococcus  maritimus  and  Pseudococcus  viburni. 
Argentine  ants,  however,  increased  the  density  of  the 
ladybird  Cryptolaemiis  montrouzieri  (Table  5.46).  The 
ants  also  increased  the  population  density  of  mealy- 
bugs, but  not  by  disrupting  the  activity  of  natural 
enemies.  The  effect  was  rather  due  to  the  removal  of 
honeydew;  when  ants  did  not  remove  the  honeydew, 
mealybug  crawlers  became  trapped  in  it.  The  larvae  of 
C.  montrouzieri,  which  resemble  mealybugs  by  also 
being  covered  with  wax,  successfully  mimic  mealybugs 
to  avoid  detection  by  ants  (Daane  et  al.  2007). 

Ant  protection  of  trophobionts  may  be  ineffective 
against  specialized  predators  (including  coccinellids) 
that  circumvent  attack  by  trophobiont-tending  ants. 
The  profiles  of  three  aphid  predators’  cuticular  hydro- 
carbons (CHCs)  are  strikingly  convergent  to  those  of 


Table  5.46  Density  per  vine  per  sample  of  Argentine  ants, 
obscure  mealybugs  (MB),  and  mealybug  destroyer  on  vines 
in  ant-exclusion  and  ant-tended  treatments  in  two  vineyards 
in  the  Californian  Central  Coast  wine  grape  region  (modified 
after  Daane  et  al.  2007). 


Vineyard 

Insect 

Ant-tended 

Ant- 

excluded 

A 

Argentine  ant* 

33.8  ± 7.4 

0 

Obscure  MB^ 

303.2  ± 45.8 

11.8  ±4.1 

MB  destroyer* 

0.31  ± 0.09 

0.07  ± 0.04 

B 

Argentine  ant 

38.6  ± 7.0 

0.4  ± 0.3 

Obscure  MB 

129.2  ±20.5 

59.2  ±11.7 

MB  destroyer 

0.29  ± 0.09 

0.09  ± 0.05 

* Linepithema  humile. 

^ Pseudococcus  viburni. 
*Cryptolaemus  montrouzieri. 


ant-attended  aphids,  while  the  CHC  profiles  of  ants  are 
different.  Chemically  mimicking  the  CHCs  of  prey 
allows  the  predators  to  avoid  detection  both  by  the 
aphids  and  by  tending  ants  (Lohman  et  al.  2006). 
Larvae  of  Platynaspis  luteoruhra  also  mimic  the  CHCs 
of  prey  aphids  (cited  by  Majerus  et  al.  2007). 

When  tending  the  soybean  aphid  Aphis  glycines, 
the  ant  Monomorium  minimum  was  observed  harass- 
ing or  killing  Har.  axyridis  and  an  anthocorid.  Ant- 
attendance  resulted  in  reduced  predation  and  increased 


238  I.  Hodek  and  E.  W.  Evans 


aphid  numbers  up  to  10-fold.  Coccinellid  adults 
were  attacked  by  ants  immediately,  while  the  larvae 
were  not  attacked  until  direct  physical  contact  had 
occurred  (Herbert  & Horn  2008).  Small  colonies  of 
Aphis  craccivora  were  less  preyed  upon  by  C.  septempimc- 
tata  when  the  host  plant  had  extrafloral  nectaries  that 
attracted  the  aphid-attending  ants  (Katayama  & Suzuki 
2010). 

5.4.2  Prey  capture 

When  an  encounter  betwen  a coccinellid  and  a prey 
occurs,  the  coccinellid  may  fail  to  capture  and  feed  on 
the  latter.  This  aspect  of  predator-prey  relationships 
may  be  of  paramount  importance  for  the  impact  of  the 
predator  (Varley  & Gradwell  1970),  but  has  not  yet 
attracted  enough  attention. 

Although  aphids  are  generally  considered  to  be 
completely  ‘helpless’  (Imms  1947),  their  defensive 
and  escape  behaviour  may  actually  be  quite  effi- 
cient. Several  authors  have  studied  such  responses  of 
aphids  towards  two  Adalia  spp.,  both  larvae  and  adults 
of  A.  decempunctata  (Dixon  1958, 1959),  and  larvae  of 
A.  bipunctata  (Klingauf  1967,  Wratten  1976).  Stadler 
(1991)  compared  such  behaviour  within  the  genus 
Uroleucon  (Fig.  5.48).  The  aphids  show  various 
defence  responses,  e.g.  kicking  movements,  move- 


ments of  the  body,  pulling  free  the  appendage  seized  by 
the  coccinellid  and  ‘waxing’  the  coccinellid  with 
an  oily  liquid  appearing  on  the  tip  of  the  siphunculi. 
Moreover,  the  aphids  may  escape  by  walking  away  or 
dropping  off  the  plant  (Prasad  & Snyder  2010).  The 
intensity  of  the  aphid  response  varies  with  the  stage  of 
the  predator;  thus  A.  decempunctata  adults  induce 
escape  rather  than  defence  in  Microlophium  carnosum 
(Dixon  1959).  The  success  or  failure  of  a predator 
to  capture  the  prey  depends  on  their  relative  sizes. 
Older  larvae  of  A.  bipunctata  (9  mm  long)  succeed  in 
capturing  90-100%  of  first  instar  and  about  60-70% 
of  adult  Myzus  persicae  or  Neomyzus  circumflexus,  but 
only  0-50%  of  the  much  larger  Acyrthosiphon  pisum 
(Klingauf  1967).  Aphids  with  long  appendages  are 
more  difficult  for  Hip.  quinquesignata  larvae  to  capture 
than  are  more  compact  aphids  with  short  appendages 
(Kaddou  1960). 

The  suitability  of  an  aphid  species  as  prey  for 
A.  bipunctata  was  strongly  determined  by  capture 
efficiency  (Mills  1979).  The  latter  amounted  to  58% 
for  the  most  suitable  prey,  Eucallipterus  tiliae,  but 
only  to  21%  for  the  least  suitable  Drepanosiphum 
platanoidis.  The  level  of  predation  by  A.  bipunctata 
larvae  on  three  birch  aphid  species  was  also  dependent 
upon  aphid  behaviour  (Hajek  & Dahlsten  1987).  The 
long-legged  Euceraphis  betulae,  the  most  successful 
escapee,  was  highly  mobile  and  frequently  walked 


cr 


■ drop 
^ walk  away 

□ kicking 

droplet 
secretion 

□ no  reaction 


U.jaceae  U.jaceae 
ssp.  henrichi 


U.  cirsii  U.  aeneus  U.  cichorii 


Figure  5.48  Relative  frequency  of  defence  and  escape  reactions  of  different  Uroleucon  species  to  attacks  by  Coccindla 
septempunctata  larvae.  Reactions  are  arranged  according  to  the  defence  value  for  the  aphids  (drop  > walk 
away  > kicking  > droplet  secretion  > no  reaction)  (from  Stadler  1991). 
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Table  5.47  Results  of  encounters  between  three  species  of  birch  aphids,  Betulaphis  hrevipilosa,  Callipterindla  calliptera, 
Euceraphis  betulae  and  larvae  of  Adalia  Iripunctata  (Hajek  & Dahlsten  1987). 


Aphid  species 

Total 

encounters 

% % active 

captures  escapes 

% passive 
escapes 

% aphid 
winning  over 
coccinellid 

L1  Adalia  bipunctata 

L1 

S.  brevipilosa 

33 

60.6 

0.0 

39.4 

0.0 

L4 

B.  brevipilosa 

56 

35.7 

8.9 

55.4 

0.0 

L1 

C.  calliptera 

51 

39.2 

41.2 

19.6 

0.0 

L4 

C.  calliptera 

214* 

8.4 

71.5 

20.1 

0.0 

L1 

E.  betulae 

216* 

6.9 

75.5 

0.0 

17.6 

L4 

E.  betulae 

260* 

0.0 

71.5 

0.0 

28.5t 

L4  Adalia  bipunctata 

L1 

B.  brevipilosa 

65 

30.8 

1.5 

67.7 

0.0 

L4 

B.  brevipilosa 

38 

52.6 

0.0 

47.4 

0.0 

L1 

C.  calliptera 

33 

60.6 

9.1 

30.3 

0.0 

L4 

C.  calliptera 

66* 

30.3 

60.6 

9.1 

0.0 

L1 

E.  betulae 

104* 

19.2 

78.8 

1.0 

1.0 

L4 

E.  betulae 

375* 

1.9 

82.6 

0.0 

15.5 

*The  numbers  of  encounters  were  increased  for  these  mobile  aphids. 

leg  or  rostrum  of  L4  E.  betulae  was  often  grasped  by  LI  A.  bipunctata.  The  coccinellid  did  not  hold  the  prey  long 
before  the  aphid  simply  pulled  away  with  no  evidence  of  impairment. 


away  from  the  predator.  In  contrast  Betulaphis  brevipi- 
losa,  a flat  and  sessile  species,  was  the  least  successful 
active  escapee,  but  often  passively  escaped  detection 
(Table  5.47). 

Wratten  (1976)  stressed  the  importance  of  the 
direction  of  the  predator’s  approach  to  the  prey,  Eucal- 
lipterus  tiliae.  The  larvae  of  A.  bipunctata  achieved  the 
highest  contact  rate  when  they  approached  fourth 
instars  from  the  rear,  suggesting  that  aphid  vision  is 
important  in  predator  avoidance.  Earlier,  it  was  sup- 
posed that  the  escape  response  of  aphids  resulted  from 
their  visual  ability.  According  to  Klingauf  (1967),  A. 
pisuui  perceives  the  predator  at  a distance  of  4-10  mm, 
while  some  predators  perceive  the  prey  only  by  contact. 
This  time  advantage  for  the  prey  can  be  used  for  escape. 
However,  the  ability  to  perceive  the  prey  at  a short  dis- 
tance (7-10  mm)  has  now  been  found  in  several 
aphidophagous  coccinellid  species  ( 5 . 4 . 1 .2 ) and  conse- 
quently the  above  explanation  of  successful  escape  by 
aphids  has  partly  lost  its  plausibility.  An  aphid  may 
gain  time  when  a small  coccinellid  larva  at  first  shows 
a fright  response  and  only  attacks  the  prey  after  a delay 
(Baensch  1964).  The  intensity  of  the  fright  response 
depends  on  the  size  of  the  prey  and  is  suppressed 


by  learning  once  several  prey  have  been  captured 
(Baensch  1964,  Klingauf  1967). 

Another  efficient  escape/defence  mechanism  is  the 
secretion  of  alarm  pheromone  (5. 4. 1.2)  by  attacked 
aphids  (early  numerous  references  in  Hodek  1996). 
Most  authors  worked  with  the  aphid  A.  pisum,  which 
easily  drops  off  plants  when  disturbed.  A.  bipunctata 
adults  forage  more  vigorously  at  higher  temperatures 
and  this  producei  greater  vibrations  and  a high  rate  of 
aphid  dropping  behaviour.  Pea  aphids  react  to  vibra- 
tions which  enhance  their  responsiveness  to  later 
alarm  pheromone  stimuli  (Clegg  & Barlow  1982, 
Brodsky  & Barlow  1986). 

Of  the  aphid  species  tested  for  an  alarm  pheromone 
response,  Schizaphis  graminum  has  been  the  most  sensi- 
tive. In  field  tests  on  sorghum  plants,  S.  graminum 
adults  and  larvae  were  dislodged  five  and  four  times 
more  often,  respectively,  than  they  were  consumed  by 
C.  septempunctata  adults  (McConnell  & Kring  1990; 
Table  5.48).  The  ratio  between  disturbed  and  con- 
sumed aphids  is  species-specific.  In  A.  pisum,  this  ratio 
is  30:1,  while  in  Aphis  gossypii  it  is  only  1:14.  The 
level  of  disturbance  is  also  coccinellid-specific.  Thus 
A.  bipunctata  causes  little  disturbance  and  so  the 
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Figure  5.49  Fate  of  Acyrthosiphon  pisum  on  bean  plants  after  visit  of  a single  Coccinella  septempwictata  adult,  as  affected  by 
initial  size  of  the  aphid  colony  (n  = 9-11).  (a)  Number  of  aphids  remaining  on  the  plants  at  the  end  of  the  experiments;  open 
bars,  all  replicates;  hatched  bars,  only  replicates  in  which  ladybirds  killed  at  least  one  aphid,  (b)  Aphids  eaten  (hatched); 
emigrated  from  the  host  plant,  i.e.  dislodged  (black);  remaining  on  the  plant  (open)  (from  Minoretti  & Weisser  2000). 


Table  5.48  Number  of  aphids  consumed  and  dislodged  by 
Coccinella  septempunctata  in  laboratory  and  field  tests 
(mean  ± SEM)  (McConnell  & Kring  1990). 


Aphid  stage 

Consumed 

Dislodged 

Laboratory 

Adults 

6.7  ± 0.4 

12.0  ± 1.0 

Nymphs 

26.9  ± 2.2 

34.8  ± 2.9 

Field 

Adults 

6.7  ± 0.4 

33.7  ± 2.6 

Nymphs 

8.9  ± 0.6 

35.6  ± 2.6 

percentage  of  prey  consumed  is  high  (28:72  and 
19:81)  whereas  in  C.  septempunctata  the  proportion  of 
disturbed  aphids  dominates  (94:6  for  A.  pisum  and 
82:18  for  Schizaphis  graminum)  (Nelson  & Rosenheim 
2006).  The  ratio  of  aphids  disturbed  to  aphids 


consumed  also  depends  on  the  size  of  their  colonies 
(Minoretti  & Weisser  2000:  Fig.  5.49). 

Predation  by  Har.  axyridis  on  A.  pisu?n  was  reduced 
by  approximately  40%  by  aphids  dropping  (Francke 
et  al.  2008).  The  ratio  between  aphid  dropping  and 
aphid  consumption  is  correlated  with  the  predator’s 
stage  of  development  and  its  rate  of  movement.  Har. 
axyridis  daubed  with  aphid  pheromone  droplets  cause 
a greater  proportion  of  aphids  to  drop  off  a plant 
(Mondor  & Roitberg  2004). 

Dispersal  of  dropping  pea  aphids,  caused  by  adult 
coccinellids  (C.  californica),  may  have  a negative  effect 
on  crops  by  spreading  plant  viruses  (Roitberg  & Myers 
1978,  Roitberg  et  al.  1979). 

When  the  host  plants  of  aphids  are  infected  by 
endophytic  fungi  the  production  of  winged  aphids, 
as  a response  to  predator  (A.  bipunctata  larvae)  threat, 
is  decreased  (Zuest  et  al.  2008). 
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Some  aphids,  e.g.  Cemtovacuna  and  Pseudoregma 
spp.,  produce  sterile  soldiers  that  attack  aphid  pred- 
ators (Aokiet  al.  1981.  Arakaki  1992b,  c;  also  Chapter 
8.1.5).  Sasajiscymnus  kurohime  is  a specialized  predator 
of  such  aphids,  successfully  attacking  the  sugar  cane 
woolly  aphid.  Cemtovacuna  lanigem,  in  spite  of  its 
soldier-like  first  instars  that  defend  the  colony.  This  is 
because  the  coccinellid  larvae  can  move  among  the 
woolly  aphids  without  eliciting  an  escape  response 
from  them.  Only  7.5-12.9%  of  the  aphids  secreted 
alarm  pheromone  when  attacked  by  larvae  of  S.  kuro- 
hime. while  the  figure  was  82.5%  for  attack  by  adults. 
It  is  assumed  that  the  coccinellid  larva  is  protected  by 
its  waxy  covering,  similar  to  that  of  the  aphid  (Arakaki 
1992b,  c).  However,  chemical  mimicry  may  be  more 
likely  (J.J.  Sloggett,  unpublished),  similar  to  the  case 
described  by  Daane  et  al.  (2007;  5. 4. 1.6). 

In  addition  to  defensive  movements  the  aphids  use 
also  chemo-mechanical  defences.  Early  on.  Palmer 
(1914)  reported  that  large  aphids  of  the  genus  Macro- 
siphum  smear  the  mouthparts  of  Hip.  convergens  with  a 
glue  excreted  from  the  siphunculi  and  thus  cause  star- 
vation of  the  coccinellid.  This  defence  seems  successful 
only  at  low  temperatures;  at  higher  temperatures  the 
coccinellids  can  ingest  the  glue.  A similar  defence 
mechanism  was  reported  in  Hyalopterus  pruni  against 
A.  bipunctata  (Hawkes  1920).  The  monophagous  aphid, 
Aulacorthum  nipponicum,  feeding  exclusively  on  Paede- 
nafoetida.  is  seldom  attacked  by  coccinellids.  Biting  into 
the  aphid  is  immediately  followed  by  dropping  the  prey, 
salivating  and  by  a persistent  grooming  of  mouth- 
parts.  The  droplets  on  the  tip  of  the  siphunculi  contain 
a potent  deterrent,  an  iridoid  glycoside  paederoside. 
originating  from  the  host  plant  (Nishida  & Fukami 
1989). 

5.4.3  Food  intake 

The  epilachnine  phyllophagous  coccinellids  scrape 
the  parenchyma  off  the  leaves  and  suck  it  out,  imbib- 
ing only  fluid.  The  sucked-out  parenchyma  remains  on 
the  leaf,  leaving  a characteristic  feeding  pattern  (Butt 
1951,  Klausnitzer  1965).  The  pollinivorous  and 
mycophagous  larva  of  Tytthaspis  sedecimpunctata  uses 
a comb-like  mandible  to  collect  pollen  and  spores  (Ricci 
1982;  Fig.  5.42,  5.2.9). 

The  food  of  aphidophagous  coccinellids  mostly 
consists  not  only  of  the  sucked  body  fluid  of  aphids,  but 
also  frequently  solid  parts  of  the  aphid  body,  such  as 


legs,  antennae,  etc.  (Butt  1951,  Triltsch  1999).  The 
type  of  feeding  depends  on  the  comparative  size  of  prey 
and  predator.  When  the  prey  is  too  large,  it  is  merely 
sucked  out  and  the  skin  with  appendages  is  discarded 
(Butt  1951,  Harpaz  1958,  Hagen  1962,  Kesten  1969). 
This  type  of  feeding  behaviour  is  normal  in  younger 
larvae  (first  and  second  instar).  Older  larvae  and  adults 
may  consume  smaller  prey  completely  (Butt  1951, 
Hagen  1962,  Kesten  1969,  Triltsch  1999). 

Most  coccinellids.  particularly  when  larvae,  show 
extra-intestinal  digestion  (extra-oral  digestion  of 
Richards  & Goletsos  1991);  they  periodically  regurgi- 
tate fluid  from  the  gut  into  the  chewed  prey  and  suck 
back  the  pre-digested  food.  Some  coccinellid  larvae 
even  perform  extra-intestinal  digestion  through  their 
sncking  mandibles,  as  do  the  larvae  of  Dytiscus. 
Chrysopa.  etc.  (Wigglesworth  1953).  This  type  of  pre- 
digestion has  been  observed  in  larvae  of  Stethorus 
spp.  (Blattny  & Osvald  1949,  Fleschner  1950,  Putman 
1955,  Hagen  1962)  and  in  the  unusually  shaped 
larvae  of  Platynaspis  luteorubra.  These  larvae  have 
repeatedly  been  observed  sucking  aphids  hollow 
merely  via  one  of  the  aphid’s  legs;  during  this 
process  the  body  of  the  aphid  is  alternately  deflated  and 
inflated  (I.  Hodek  unpublished).  Ricci  (1979)  gives  a 
detailed  description  of  extra-intestinal  digestion  in 
P.  luteorubra. 

Feeding  can  easily  be  observed,  especially  with  pale- 
coloured  aphids,  for  the  internal  and  surrounding 
tissues  of  the  part  seized  by  the  larva’s  mandibles 
become  darker  during  the  injection  process  and  return 
to  their  natural  colour  a few  seconds  later  during 
reimbibition  (for  details  see  Hodek  1996).  The  extra- 
intestinal  (extra-oral)  feeding  of  the  larvae  of  Apolinus 
lividigaster  (Richards  & Goletsos  1991)  is  similar  to  that 
of  P.  luteorubra.  The  adults  of  A.  lividigaster  have  bifid 
mandibles  and  chew  their  prey,  while  the  sickle-shaped 
unidentate  mandibles  of  the  larvae  pierce  and  then 
hold  prey  during  the  repeated  sucking.  In  the  larvae  of 
Scymnus  s.  str.,  Scymnus  subvillosus  and  perhaps  also 
Nephus  includens  it  appears  that  feeding  is  similar  (Ricci 
1979). 

A special  type  of  feeding  behaviour  was  observed 
by  Richards  (1980.  1985).  Rhyzobius  ventralis  larvae 
sometimes  attack  the  vulnerable  females  of  the  coccid 
Eriococcus  coriaceus  through  a large  opening  in  the 
latter’s  sac,  through  which  the  tip  of  its  abdomen 
protrudes  and  crawlers  escape.  The  coccinellid  larva 
usually  makes  a hole  in  the  lower  part  of  the  sac,  curls 
itself  around  it  and  remains  there  feeding  until  the 
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prey  is  empty.  Larvae  and  adults  of  the  large  Austra- 
lian coccidophagous  species  Rodatus  major  (originally 
described  as  Rhizobius)  are  specialized  on  the  eggs  of 
Monophlehulus  pilosior  (Margarodidae),  and  the  fourth 
instar  feeds  on  the  eggs  as  they  are  laid  'lying  with  its 
mouth  close  to  the  margarodid’s  genital  opening’ 
(Richards  1985).  A similar  behaviour  has  been  re- 
corded in  first  instar  Sasajiscymnus  kurohime,  attacking 
the  larvae  of  the  ‘soldier’  producing  aphid  Ceratovacima 
lanigera  at  the  moment  when  they  are  born  (Arakaki 
1992a;  5.4.2). 


5.5  CONCLUSIONS 

The  analysis  of  coccinellid  food  relations  is  not  only  very 
interesting  and  important  from  a theoretical  point  of 
view,  but  also  for  its  practical  consequences  - for 
predicting  ladybird  activity  in  the  field  and  for 
improving  their  impact  in  the  contexts  of  conserva- 
tion and  augmentative  biological  control. 

It  is  worth  comparing  the  progress  achieved  in 
individual  food-related  fields.  A very  great  qualitative 
step  forwards  has  been  made  in  ethological  research 
(5.4)  and  thus  partially  matches  the  earlier  greater 
progress  with  parasitoids.  Fifteen  years  ago,  it  was  still 
an  enigma  as  to  whether  ladybirds  find  their  prey  by 
random  movements  - in  spite  of  a few  observations  of 
non-random  behaviour.  In  addition  to  indirect  clues  on 
matters  such  as  taxes  or  characteristics  of  host  plants 
(5. 4. 1.1),  the  only  mechanism  definitely  known  in 
foraging  was  the  role  of  encounter  that  switches 
ladybird  movement  to  a concentrated  search  (5, 4. 1,2). 
In  contrast,  there  is  now  a wealth  of  evidence  on  cues 
that  guide  coccinellid  behaviour.  At  least  four  types 
should  be  mentioned:  volatiles  of  plants  and/or  of 
prey,  aphid  alarm  pheromones  (all  in  5. 4. 1.2)  and 
oviposition-deterrent  chemicals  in  larval  tracks 
(5. 4. 1.3).  Study  of  ladybird  orientation  to  volatiles 
has  not  progressed  beyond  laboratory  tests,  with  field 
assays  remaining  to  be  completed.  In  searching  for  an 
oviposition  site,  there  is  a trade-off  for  coccinellids 
between  two  factors:  whether  to  lay  eggs  near  to  prey,  so 
that  the  first  instars  find  prey  early  or  whether  to  reduce 
attacks  by  conspecific  or  heterospecific  ladybirds  on 
offspring  by  ovipositing  further  away  ( 5 .4 . 1 . 3 ) . 

Although  the  research  discussed  in  5.2  and  5.3  has 
not  stagnated  in  the  course  of  the  last  1 5 years,  not  so 
many  breakthroughs  have  been  made  in  these  fields. 


Since  about  50  years  ago,  when  prey  specificity  in 
coccinellids  was  discovered  and  the  principal  definition 
of  essential  v.  alternative  food  established  (5.2.2, 
5.2,11),  further  evidence  has  accumulated,  and  new 
allelochemicals  recorded  (5, 2. 6,1)  - on  which  the 
trophic  specificity  is  mostly  based.  However,  recently 
prey  specificity  has  begun  to  be  discussed  also  from 
a novel  angle:  size  relations  appear  to  be  more 
important  in  predator-prey  relations,  particularly  in 
evolutionary  terms,  than  the  chemical  composition  of 
the  prey  (5.2.3),  Support  for  this  view  is  based  on 
records  that  ladybirds  do  not  refuse  unsuitable/toxic 
prey  and  it  is  not  avoided  even  when  when  offered  in  a 
mixture  with  suitable  prey.  This  is  perhaps  due  to  a less 
developed  gustatory  sense  of  coccinellids.  However, 
high  (or  total)  larval  mortality  and  inhibition  of  egg 
laying  (5.2.2)  on  non-essential  prey/food  certainly 
plays  an  important  role  for  a coccinellid  species  in  the 
predator-prey  relationship  (and  eventually  also  in 
the  impact  on  the  prey). 

Thus  the  adequacy  of  prey  can  only  be  safely  estal- 
bihsed  by  experimentally  recorded  levels  of  life-history 
parameters,  such  as  successful  completion  of  larval 
development  and  high  reproductive  performance. 
While  earlier  research  has  worked  with  single  prey/ 
foods,  some  recent  studies  have  revealed  the  importance 
of  mixed  food  (5.2,5).  Although  modern  serological 
and  molecular  methods  were  developed  for  the  detection 
of  prey  consumed  by  predators  ( 5 . 2 . 1 ; also  Chapter  10), 
the  classical  microscopical  analysis  of  food  remnants 
from  the  gut  can  also  yield  precise  evidence. 

While  the  food  resources  of  phytophagous  (but  also 
coccidophagous)  ladybirds  are  rather  stable,  special- 
ized adaptive  characteristics  have  evolved  in 
aphidophagous  species  under  the  pressure  exerted  by 
the  inherently  ephemeral  occurrence  of  their  prey. 
This  constraint  has  led  to  the  evolution  of  a number  of 
adaptive  life-history  traits,  such  as,  for  example,  fast 
development  (Chapter  3),  high  adult  mobility,  high 
speed  of  larval  movement  and  reversible  oosorption 
(Chapter  6). 

(See  also  the  general  comments  in  5 . 1 and  5.4.1  and 
partial  conclusions  in  5. 4. 1.2.) 
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6.1  INTRODUCTION:  MECHANISMS 
AND  DEFINITIONS 

Some  generalities  need  to  be  explained  to  make  the 
reading  of  this  chapter  easier.  The  adaptive  functions 
of  diapause  are:  (i)  to  synchronize  the  development 
of  active  stages  with  favourable  conditions  and  (ii)  to 
enhance  the  survival  potential  during  unfavourable 
periods.  The  modern  definitions  were  coined  by  Lees 
(1955).  He  defined  quiescence  as  direct  inhibition  of 
development,  caused  by  the  direct  effect  of  ambient 
conditions  (low  temperature,  lack  of  humidity),  which 
can  be  terminated  immediately  by  favourable  condi- 
tions. Diapause  is  caused  by  conditions  which  do  not 
directly  prevent  development,  but  which  are  merely 
signals  of  seasonal  changes  (cues,  seasonal  tokens;  a 
typical  signal  is  daylength).  Thus  diapause  can  begin 
before  the  onset  of  an  unfavourable  environmental 
change.  For  insects  Banks  (1987)  also  used  the  term 
dormancy,  previously  employed  only  for  vertebrates 
and  plants,  to  cover  all  states  of  suppressed  develop- 
ment (i.e.  both  diapause  and  quiescence).  Additional 
terms  were  coined  to  emphasize  specific  types  of  dia- 
pause (for  details  and  relevant  references  see  Hodek 
1996,  Saunders  2002). 

A system  of  terms  can  never  encompass  the  striking 
complexity  of  diapause  mechanisms.  Moreover,  the 
same  individual  has  the  potential  for  alternative  ways 
of  arrest  or  resumption  of  development;  this  is  clearly 
seen  in  Chilocorus  hipustulatus  (6.2.13).  Therefore  most 
authors  use  the  term  ‘diapause'  in  a broad  sense  for 
any  adaptive  arrest  of  development  which  is  accom- 
panied by  behavioural,  structural  and  biochemical 
changes  in  insects,  i.e.  other  than  quiescence.  The 
variation  in  the  ecological  mechanisms  which 
govern  the  induction,  maintenance  and  termination  of 
diapause  have  to  be  a focus  of  our  studies.  For  discus- 
sion of  the  period  sensitive  to  diapause  induction  see 
6.2.3. 

Similar  to  the  antithetic  definitions  for  quiescence 
and  diapause,  there  is  a contrasting  definition  of  the 
two  basic  types  of  diapause.  If  the  potential  for  dia- 
pause is  not  realized  in  each  generation  in  multivoltine 
(i.e.  producing  several  generations  per  year)  species  or 
populations,  diapause  is  termed  ‘facultative’.  A good 
example  is  Hai:  axyridis  (Roy  & Wajnberg  2008;  6.2.9). 
Its  onset  is  regulated  by  appropriate  environmental 
cues,  e.g.  photoperiod  the  photoperiodic  response. 
The  critical  photoperiod  is  the  daylength  that 


induces  50%  response,  i.e.  in  half  of  the  sample 
diapause  is  induced,  in  the  other  half  it  is  not.  It  should 
be  stressed  that  potentially  multivoltine  species 
may  show  a univoltine  life  cycle  in  regions  where  the 
period  of  suitable  conditions  is  unfavourably  short.  By 
contrast,  ‘obligatory'  diapause  is  entered  by  virtually 
every  individual  in  each  generation  of  the  so-called 
obligatory  univoltines,  regardless  of  the  environ- 
ment (Lees  1955). 

The  original  definition  of  obligatory  diapause  has 
become  outdated  by  experiments  with  changing 
photoperiods.  Changing  conditions  (e.g.  exposure  to 
short  days  followed  by  long  days)  for  insects  entering 
‘obligatory'  diapause  under,  for  example,  a constant 
photoperiod  in  the  laboratory,  may  be  a prerequisite  for 
their  development.  Zaslavskii  (1970)  demonstrated 
such  phenomenon  in  Chil.  bipustulatus  (6.2.13). 
Changing  photoperiodic  regimes  have  not  yet  become 
a regular  experimental  procedure;  we  can  expect  that 
many  examples  of  diapause  currently  regarded  as 
obligatory  may  in  future  be  considered  facultative.  A 
study  of  populations  from  northern  Europe  indicates 
this  possibility  for  C.  septempunctata  (Semyanov  1978a; 
6. 2. 1.3).  It  is  therefore  advisable  not  to  restrict  oneself 
to  the  use  of  constant  photoperiods  when  studying  the 
regulation  of  diapause. 

6.1.1  Hibernation  and  aestivation 

For  quite  a long  time  it  is  mostly  hibernation  diapause 
(induced  principally  by  short  days  and  low  tem- 
perature) that  has  been  studied,  probably  because 
in  earlier  studies  diapause  was  thought  of  only  as 
an  adaptation  to  surviving  sub-zero  temperatures. 
Later,  aestivation  diapause  was  recognized,  where  the 
inducing  environmental  cues  are  long  daylength  and 
high  temperature.  While  hibernation  diapause  can 
be  completed  spontaneously  without  any  change  of 
conditions,  aestivation  diapause  is  often  terminated  by 
a decrease  in  daylength  and  temperature  (Masaki 
1980).  Coccinella  septempunctata  brucki  shows  this 
type  of  diapause  in  central  Honshu,  Japan  (6. 2. 2.1). 
Typically,  aestivation  diapause  serves  to  bridge  the 
periods  of  drought  in  subtropical  regions.  Until  recently 
it  was  wrongly  assumed  that  diapause  is  superfluous 
in  the  tropics,  but  many  cases  have  been  quoted  by 
Denlinger  (1986),  such  as  that  of  Stenotarsus  rotundus. 
Some  ethological  and  ecological  traits  of  diapausing 
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S.  rotundus  are  similar  to  those  of  coccinellids,  but  also 
changes  in  moisture  operate  in  diapause  regulation 
(Hodek  2003  and  references  therein). 

6.1.2  Termination/completion  of  diapause 

Ideas  concerning  the  end  of  diapause  have  developed 
substantially.  The  classical  concept  assumed  that  the 
prerequisite  for  the  termination  of  diapause  was  an 
exposure  to  ’chilling',  i.e.  low  temperature  above  zero. 
The  earlier  variation  of  this  concept  contained  the 
assumption  that  the  inhibition  of  development  was 
‘broken’  by  exposure  to  cold,  whereas  in  the  second 
variation  Andrewartha  (1952)  stressed  that  at  low 
temperature,  often  in  the  range  from  5 to  10°C,  a 
gradual  diapause  development  ('physiogenesis') 
must  be  completed  before  normal  development  (mor- 
phogenesis) can  be  resumed.  Because  Andrewartha's 
assumption  that  ‘chilling’  is  a prerequisite  for  the 
completion  of  a ‘healthy’  physiogenesis  was  later 
overgeneralized,  the  possibility  that  the  programmed 
course  of  events  might  be  modified  by  environmental 
signals  such  as  an  increase  in  temperature,  was  often 
neglected.  In  fact,  there  are  multiple  pathways 
to  diapause  completion;  at  least  two  should  be 
considered  here.  Apart  from  horotelic  processes  of 
diapause  development,  diapause  can  be  completed  by 
tachytelic  processes  where  the  insects  are  activated 
by  some  environmental  stimuli  (Hodek  1983).  Accord- 
ing to  Henderson  et  al.  (1953),  horotelic  means 
‘evolving  at  the  standard  rate’,  while  tachytelic  means 
‘evolving  at  a rate  faster  than  the  standard  rate’. 
Such  a distinction  has  also  been  made  by  Hanks 
(1987.  2001)  when  he  speaks  (1987.  p.  397)  about 
internal  (genetically  programmed)  and  external 
(environmentally  determined)  mechanisms. 

Under  natural  conditions,  the  prerequisites  for  both 
diapause  development  and  activation  are  usually  ful- 
filled by  seasonal  changes.  For  example,  in  autumn  and 
winter  the  development  of  hibernation  diapause  can 
proceed  during  the  period  of  short  daylength  and  low 
temperature.  Vernal  activation  coincides  with  an 
increase  in  photoperiod,  light  intensity  and  tempera- 
ture, the  appearance  of  essential  food  (Chapter  5.2.11) 
and  sometimes  the  arrival  of  rains.  Chilling  is  not  a 
prerequisite  for  the  completion  of  hibernation  dia- 
pause in  many  species  (reviewed  by  Hodek  & Hodkova 
1988).  Low  temperatures  are  important;  they  (i) 


conserve  metabolic  reserves,  (ii)  prevent  a premature 
resumption  of  post-diapause  morphogenesis  and  thus 
synchronize  the  life  cycle  and  (iii)  can  provide  a con- 
trast to  later  increases  in  temperature,  so  that  they  are 
a component  of  the  activating  stimulus. 

6.1.3  Phases  of  dormancy 

In  temperate  zones  diapause  usually  covers  only  the 
first  periods  of  hibernation  or  aestivo-hibernation.  In 
mid- winter  or  even  in  autumn,  the  potential  for  the 
resumption  of  development  is  already  recovered.  This 
post-diapause  phase  is,  in  fact,  a mere  quiescence 
because  development  is  inhibited  only  environmen- 
tally (mostly  by  low  temperature)  and  may  be  resumed 
in  the  laboratory.  As  stressed  above  by  Andrewartha’s 
term  ‘physiogenesis’,  diapause  is  a dynamic  state. 
Insects  undergo  a series  of  changes  in  the  course  of 
diapause  and  only  some  of  these  are  well  known.  There 
are  conspicuous  ethological  changes,  often  a migra- 
tory phase  in  pre-diapause  and  end  of  dormancy 
(undertaken  by  coccinellids),  changes  in  photo-  and 
geotaxis,  etc.  Physiological  changes  include;  (i)  dia- 
pause intensification  soon  after  its  onset;  (ii)  decrease 
in  diapause  intensity  due  to  the  progress  of  horotelic 
processes  of  diapause  development;  (iii)  consumption 
of  food  reserves  accumulated  during  pre-diapause;  (iv) 
dynamics  of  cryoprotectants  (trehalose,  polyols,  anti- 
freeze proteins)  and  ice  nucleators,  regulated  both 
endogenously  and  by  environmental  changes  (6.4.4); 
(v)  a change  in  temperature  prerequisites.  The  final 
phase  of  diapause  and  an  early  phase  of  post-diapause 
morphogenesis  overlap. 

Photoperiodic  activation  occurs  in  many  insects 
(see  e.g.  Tauber  et  al.  1986,  Hanks  1987,  Saunders 
2002).  As  well  as  a change  in  temperature  and/or  pho- 
tophase, both  disturbance  and  injury  can  terminate 
diapause  or  at  least  accelerate  its  termination  (Hodek 
etal.  1977). 


6.1.4  Endocrinological  aspects  of 
adult  diapause 

Presumably  exogenous  stimuli  influence  the  neurose- 
cretory cells  of  the  brain  which  are  the  prime 
movers  of  the  neuroendocrine  system.  In  the  ecophysi- 
ological  analysis  of  adult  diapause  in  coccinellids,  it  is 
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helpful  to  have  a general  idea  of  the  underlying  endo- 
crinological pathways:  (i)  Environmental  signals  are 
perceived  by  receptors  (photoreceptors  are  located  in 
the  brain  or  in  compound  eyes),  (ii)  Evaluation  and 
storage  of  the  information  involves  a photoperiodic 
clock;  the  exact  nature  of  these  processes  is  not  yet 
fully  understood.  A recent  survey  is  given  in  Saunders 
(2002).  (iii)  The  stored  information  is  transmitted  to 
neuroendocrine  organs:  in  adults  these  are  neurose- 
cretory cells  of  the  brain,  the  corpora  cardiaca  (CC) 
and  corpora  allata  (CA).  The  neurosecretory  material 
is  released  from  the  CC  where  the  axons  of  the  neuro- 
secretory cells  terminate.  The  CC  also  contain  glandu- 
lar cells  which  produce  their  own  hormones.  The  CA 
produce  juvenile  hormones  (JHs),  whereas  the  ovaries 
and  possibly  other  tissues  (testes,  oenocytes,  epidermis) 
produce  ecdysteroids  in  adults,  (iv)  The  neuroendo- 
crine system  controls  the  expression  of  diapause  at  the 
level  of  target  tissues  (ovaries,  fat  body,  etc.).  The 
most  conspicuous  feature  of  adult  diapause  is  the  sup- 
pression of  reproductive  functions  (maturation  of 
ovaries  and  probably  male  accessory  glands  and 
mating  activity;  6. 4. 1.3).  Metabolic  reserves  (glycogen, 
lipids)  and  cryoprotectants  (polyols,  trehalose,  hyster- 
esis proteins)  accumulate  and  the  metabolic  rate  is 
reduced.  Specific  diapause  proteins  are  synthesized 
instead  of  vitellogenins  (6. 4. 1.2,  6.4.3).  Eor  a survey 
of  hormonal  control  of  diapause  (including  the  associ- 
ated changes  in  gene  expression)  see  Denlinger  et  al. 
(2005). 

6.2  ECOPHYSIOLOGICAL 
REGULATION  OF  DIAPAUSE 
IN  COCCINELLIDS 

In  the  early  studies,  hypotheses  were  based  on  observa- 
tions. While  Dobrzhanskii  (1922a,  b:  6.2.1)  (better 
known  under  his  later  spelling  Th.  Dobzhansky)  under- 
rated environmental  cues  (at  least  in  C.  septempunc- 
tata),  otherauthorsintheyears  1922-48  acknowledged 
the  involvement  in  diapause  regulation  of  tempera- 
ture, humidity  and  shortage  of  prey  (for  details  see 
Hodek  1996). 

6.2.1  Coccinella  septempunctata 

Regulation  of  diapause  in  this  species  is  complicated, 
at  least  in  the  European  populations.  In  two  early 


studies  of  populations  from  the  region  of  Kiev,  Ukraine 
Dobrzhanskii  (1922a,  b)  described  a bivoltine  devel- 
opmental cycle  for  C.  septempunctata  and  assumed  a 
genetically  fixed  alternation  of  a generation  with 
unbroken  development  and  a generation  entering  dia- 
pause (details  on  p.  287  in  Hodek  1996).  Since  then 
experimental  research  has  indicated  a very  wide  plas- 
ticity in  C.  septempunctata  (Obrycki  & Tauber  1981, 
Phoofolo  & Obrycki  2000,  Hodek  & Michaud  2008) 
enabling  heterogeneous  activity  in  different  fractions 
of  populations  (6. 2. 1.6).  The  two  short  studies  by 
Dobrzhanskii  (1922a,  b)  are  important,  because  for 
the  first  time  imaginal  diapause  in  Coccinellidae  was 
recognized  together  with  its  adaptive  significance  for 
survival,  i.e.  enabling  the  species  to  withstand  a long 
period  of  shortage  of  aphids. 

6.2. 1.1  Central  Europe 

Johnssen  (1930)  reported  a univoltine  cycle  for  C.  sep- 
tempunctata in  Germany.  However,  he  admitted  the 
possibility  of  a second  generation  occurring  under 
favourable  conditions,  though  it  would  later  die  out  in 
the  egg  or  larval  stage. 

In  Bohemia  (50°N,  western  Czech  Republic),  the 
population  in  the  autnmn  was  found  to  consist  of 
two  fractions.  Although  in  some  years  aggregations 
of  both  sexes  of  dormant  C.  septempunctata  may  be 
found  in  their  hibernation  quarters  from  early  August 
onwards,  one  can  also  find  actively  feeding  coccinellids 
on  vegetation  with  aphids  (often  on  different  weeds, 
such  as  Carduus  spp.  and  Daucaceae)  for  the  whole  of 
September  and  in  early  October  (Hodek  1962).  This 
agrees  with  observations  by  Telenga  (1948),  who  also 
used  to  find  C.  septempunctata  in  the  Ukraine  both 
partly  dormant  and  partly  feeding  at  that  same  season. 

The  physiological  condition  of  these  two  fractions 
from  Bohemia  was  determined  by  dissection  immedi- 
ately after  sampling,  and  after  rearing  (Hodek  1962; 
Table  6.1).  Whereas  the  alimentary  canal  in  the 
sampled  dormant  beetles  was  empty  of  food  and 
there  were  no  traces  of  vitellinization  in  the  ovaries, 
the  digestive  tract  was  full  of  food  in  more  than  half  of 
the  sampled  active  adnlts  and  13-20%  of  females 
possessed  one  or  more  vitellinized  oocytes  or  even  eggs. 
The  difference  between  the  dormant  and  active  parts 
of  the  population  became  more  striking  when  beetles 
from  both  fractions  were  reared  for  3 weeks  under 
long-days,  at  19-22. 5°C  and  with  plentiful  essential 
aphid  food.  The  ovarioles  of  about  8 5-90%  of  dormant 
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Table  6.1  Difference  between  two  population  fractions  of  autumnal  adults  of  Coccinella  septempunctata  (Hodek  1962). 


Date 

sampled*’'^ 

Condition 

n 

Dissection 
of  sampled 
or  reared 
adults 

Digestive  tract 

Fat  body 

Ovarioles  with 

germaria 

only 

at  least  one 
vitellinized 
oocyte 

empty 

fuii  of  food 

+ 

++ 

+++ 

18.9.* 

active 

30 

sampled 

4 

26 

3 

8 

19 

26 

4 

27.9.t 

active 

20 

sampled 

9 

11 

5 

3 

12 

16 

4 

18.9.* 

active 

18 

reared* 

— 

— 

— 

— 

— 

2 

16 

8.8.,  6.9.* 

dormant 

17 

sampled 

17 

0 

2 

5 

10 

17 

0 

8.8.* 

dormant 

29 

reared* 











26 

3 

dormant 

25 

reared* 

— 

— 

— 

— 

— 

21 

4 

‘Collected  In  N.  Bohemia,  near  Louny. 

^Collected  in  S.E.  Slovakia,  near  Krai.  Chlumec. 

*3  weeks,  long  days,  19-22.5°C,  surplus  of  essential  aphids. 


females  remained  without  any  vitellinization,  while 
about  90%  of  the  females  collected  on  plants  possessed 
vitellinized  oocytes  after  this  period  of  rearing  (Hodek 
1962;  Table  6.1).  Dissections  in  summer  (mid-July)  of 
females  collected  outdoors  in  central  Bohemia  ( 5 0°  N) 
a fortnight  after  adult  emergence  indicated  a strong 
tendency  to  univoltinism;  84-93%  of  the  females 
entered  diapause. 

Preliminary  experiments 

The  incidence  of  diapause  was  high  (65-80%)  when 
small  groups  of  coccinellids  were  reared  indoors 
under  conditions  approaching  those  in  the  field  (except 
for  extremes)  and  with  the  natural  photoperiod  of  late 
June  and  early  July.  In  addition  to  these  experimental 
small  groups  dissected,  two  simultaneous  massive  cul- 
tures of  200  adults  each  were  reared  to  check  the 
reproduction.  A very  low  oviposition  was  observed  in 
spite  of  plenty  of  essential  aphid  food  and  heating  with 
a lamp  during  cool  days.  Most  adults  aggregated  in 
corners  of  the  cages  from  mid-July,  leaving  only  5-10 
beetles  moving  about,  even  though  the  aggregations 
were  disturbed  every  day.  Only  one  or  two  egg  batches 
were  obtained  per  day,  and  in  late  October  about  80% 
of  females  were  still  alive.  Adults  from  the  second  gen- 
eration, reared  from  the  first  egg  batches,  emerged 
from  pupae  from  mid-August  onwards;  they  remained 
very  active  and  feeding  for  about  three  weeks,  but  then 
aggregated  after  four  weeks  (Hodek  1962). 


The  above  experiments  demonstrated  that  C.  septem- 
punctata adults  feed  before  they  enter  diapause  (in 
contrast  to  Yakhontov’s  1962  assumption  for  Cer. 
undecimnotata)  and  that  the  onset  of  diapause  is  not 
prevented  by  surplus  essential  food  (in  contrast  to 
Hagen's  1962  report  on  Hip.  comergens).  The  data 
showed  the  plasticity  of  the  C.  septempunctata  life  cycle 
and  a weak  effect  of  daylength  on  the  prevention  of 
diapause,  since  in  some  replicates  the  beetles  entered 
diapause  in  spite  of  having  emerged  from  pupae  under 
the  longest  possible  daylength.  The  slight  difference 
between  the  outdoor  and  indoor  results  suggested  the 
possibility  that  temperature  extremes  play  some  part  in 
inducing  diapause. 

Attempts  at  diapause  prevention  in  Slovakia  (48°  N) 

A premature  development  of  the  first  generation 

(the  adults  emerged  from  pupae  as  early  as  mid-May 
1968)  was  employed  to  assess  the  potential  for  biv- 
oltinism  in  the  population  from  a warm  region  in 
southwestern  Slovakia  (Zohor  near  Bratislava).  Almost 
natural  conditions  were  used;  extremes  were  excluded 
by  the  transfer  of  beetles  on  cold  days  to  the  green- 
house, or  into  the  laboratory  at  a constant  25°C,  into 
shadow  during  strong  sunshine  and  indoors  for  the 
night.  The  proportion  of  diapausing  females  (i,e,  ovari- 
oles  only  consisting  of  germaria  without  any  trace  of 
vitellinization)  ranged  in  the  replicates  between  66  and 
90%  (average  = 79%,  n = 184)  (Hodek  1973).  In  spite 
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of  particularly  favourable  conditions  (a  warm  spring, 
a warm  region)  the  tendency  to  a univoltine  cycle 
prevailed  in  a high  percentage  of  C.  septempunctatM 
females.  The  last  beetles  were  dissected  on  the  summer 
solstice,  21  June:  enterning  diapause  could  therefore 
not  be  affected  by  the  shortening  of  long  days. 

Laboratory  diapause  prevention  and  selection 

A series  of  experiments  were  carried  out  under  control- 
led photoperiod  and  temperature  conditions  (Hodek  & 
Cerkasov  1960,  1961,  Hodek  1962.  for  details  see 
Hodek  1996).  Cultures  were  started  in  five  successive 
seasons  (1956-60)  with  beetles  collected  from  the 
field  after  hibernation.  The  eggs  originated  from  non- 
diapausing  females  and  thus  there  was  selection 
against  the  tendency  to  diapause  and  a gradual 
decrease  in  diapause  incidence  was  achieved.  In  spite 
of  favourable  conditions  (i.e.  long-day  conditions  of 
16L:8D  or  18L:6D.  a constant  25°C  and  an  excess 
of  essential  aphids),  the  incidence  of  diapause 
remained  rather  high  in  the  first  generations,  and 
usually  fluctuated  between  60  and  90%.  These 
fluctuations  were  apparently  related  to  varying  condi- 
tions: e.g.  the  number  and  origin  of  specimens  starting 
the  culture,  and  the  age  of  the  females  founding  the 
progeny.  In  the  subsequent  generations  a progressive 
decrease  was  usually  obtained  within  the  first  three 


generations,  as  in  1956  or  in  1958.  A steady  excess  of 
essential  prey,  cleanliness  and  a population  density  not 
exceeding  2 5 pairs  in  a cage  of  about  8 1 is  needed  to 
achieve  a very  low  incidence  or  even  absence  of  dia- 
pause in  later  generations.  Due  to  long  laboratory 
breeding  under  constant  conditions  and  inbreeding, 
the  vitality  of  the  beetles  decreased,  so  that  in  the  sixth 
generation  the  oviposition  period  and  longevity  had 
decreased  to  8 and  45  days  respectively  (Hodek  & Cer- 
kasov 1960,  1961,  Hodek  1962).  A decrease  in  dia- 
pause incidence  down  the  sequence  of  generations 
indicates  selection  against  a tendency  for  obligatory 
diapause  under  long  days.  Such  results  are  not  excep- 
tional in  the  literature  on  diapause  (Hodek  & Honek 
1970).  It  is  assumed  that  multiple  genes  control  the 
tendencies  for  diapause  (Tauber  et  al.  1986:  Banks 
1987). 

Induction  of  diapause  in  selected  lines 

When  the  tendency  to  the  ‘obligatory’  entry  into  dia- 
pause was  selected  out,  the  way  was  open  to  study  the 
effect  of  environmental  factors  on  diapause  induc- 
tion (Hodek  & Cerkasov  1960,  1961).  This  was  done 
gradually,  with  coccinellids  obtained  from  different 
generations  and  cultures  (Table  6.2).  Up  to  the  time 
that  the  larvae  were  transferred  to  the  experimental 
conditions,  they  had  been  reared  under  the  usual 


Table  6.2  The  incidence  of  Coccinella  septempunctata  females  entering  diapause  under  laboratory  conditions  (Hodek  & 
Cerkasov  1961).* 


Culture/ 

generation 

Age  of  larvae 
at  experiment 
onset  a (days) 

Temperature  (°C) 
(at  dark/iight  phase) 

Photophase 

(h/24h) 

Age  at 
dissection 
(days) 

n 

Diapausing 
females  (%) 

I/7 

3 

17-18  (D)/ 20-22  (L) 

12 

42-51 

15 

94 

I/7 

pupae 

17-18  (D)/ 20-22  (L) 

12 

56-62 

15 

87 

I/9 

5-8 

17-18  (D)/ 20-21  (L) 

12 

24-41 

30 

87 

lil/4,5 

2-3 

18  ±0.5 

12 

26-43 

20 

85 

1 1 i/7 

6-7 

18.5  ± 0.7 

12 

20-37 

38 

50 

i/9 

5-7 

22  ± 0.5 

8 

33-35 

10 

70 

II/4 

4-5 

22  ± 1.0 

12 

24-34 

42 

60 

i/9 

3-7 

25  ± 0.5 

12 

30-33 

40 

33 

I/6 

eggs 

24-25  (D)  / 27-28  (L) 

8 

24-26 

20 

10 

III/4,  5 

2-3 

18  ±0.5 

19 

26-43 

24 

13 

1 1 i/7 

6-7 

18.5  ± 0.7 

19 

20-37 

46 

4 

‘Before  the  transfer  to  experimental  conditions  the  insects  were  reared  at  25°C,  1 6 or  1 8 hours  photophase;  both  before 
and  during  the  experiment  an  excess  of  essential  food  was  supplied. 
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breeding  conditions  described  above.  Although  the  age 
of  the  larvae  differed  in  individual  experiments,  the 
results  are  consistent,  and  separated  out  the  effect 
of  two  environmental  variables,  photoperiod  and 
temperature.  The  importance  of  photoperiod  was 
dominant:  diapause  was  prevented  by  long-day  condi- 
tions (19L:5D)  even  at  low  temperatures  of  18  or 
18.5°C  in.  respectively,  87  and  96%  of  females.  The 
response  of  diapause  to  short-day  conditions  was  con- 
siderably modified  by  temperature  (Table  6.2).  At 
lower  temperatures  around  18°C  the  incidence  of  dia- 
pause reached  85  to  94%  (with  one  unexplained 
exception  of  only  50%).  An  increase  in  temperature  to 
22  and  25°C  led  to  a marked  decrease  in  the  incidence 
of  diapause,  and  at  temperatures  fluctuating  between 
24-25°C  (night)  and  27-28°C  (day)  it  amounted  to 
just  10%.  No  significant  differences  were  found  in  the 
incidence  of  diapause  between  the  lengths  of  short 
photophase  of  12L  or  8L,  or  between  the  exposure  of 
younger  or  older  larvae  or  of  pupae  to  the  experimen- 
tal conditions.  The  critical  photoperiod  was  not  ascer- 
tained: >16L:8D  prevents  diapause. 

The  central  European  population  of  C.  septempunc- 
tata  is  evidently  heterogeneous,  but  with  a prevalence 
of  univoltines  (Hodek  1962).  As  this  species  is  reported 
as  univoltine  in  northern  Europe  (6. 2. 1.3)  and  obliga- 
tory (Dobrzhanskii  1922a,  b)  or  facultatively  bivoltine 
in  the  Ukraine  (Dyadechko  1954),  it  seems  probable 
that  central  Europe  lies  in  a transition  zone  (in  the 
sense  of  Bodenheimer  & Vermes  1957)  between  the 
distribution  areas  of  uni-  and  multivoltine  popula- 
tions (Table  6.3;  see  also  6. 2. 1.6  and  6.2.16). 


The  above  studies  of  diapause  regulation  in  C.  sep- 
tempimctata  from  central  Europe  did  not  include  experi- 
ments with  variable  photoperiods.  However,  it  has  been 
assumed  (Hodek  1973)  that  obligatory  entry  into  dia- 
pause may  result  when  the  sequence  of  long  day  after 
short  day  conditions  is  not  experienced  under  effective 
temperatures.  Such  a sequence  may  be  a prerequisite 
for  maturation  and  oviposition.  In  the  studies  described 
above,  a gradual  negative  selection  for  this  require- 
ment appears  to  have  been  executed.  Such  an  experi- 
mental response  to  the  increase  in  daylength  after  a 
period  of  short  days  was  then  reported  in  populations 
from  northern  Europe  (Semyanov  1978b;  Zaslavsky  & 
Semyanov  1983;  6. 2. 1.3)  and  could  also  operate  in 
central  Europe. 

Diapause  development/ photoperiodic  activation 

The  course  of  diapause  development  was  followed  first 
by  preliminary  checks.  While  in  the  August  samples 
only  10-20%  (n=  72)  of  females  were  activated  by 
transfer  to  long  days  and  a surplus  of  suitable  aphid 
prey,  in  November  it  was  78-100%  (n  = 40)  (Hodek 
1962).  To  analyze  approximately  the  role  of  tempera- 
ture in  diapause  development,  the  August  samples 
were  also  exposed  for  3 or  6 weeks  to  0,  5 or  12°C 
before  transfer  to  the  above  re-activating  conditions. 
The  6 week  exposure  resulted  in  27-56%  more  repro- 
ducing females  than  the  3 week  exposure,  and  there 
was  no  significant  difference  between  the  effect  of  5 
versus  12°C.  The  temperature  of  0°C  was  the  least 
effective  (Hodek  1970;  also  p.  298  in  Hodek  1996). 


Table  6.3  Hypothetical  condition  of  Coccinella  septempunctata  populations  in  early  autumn  (Hodek  1962). 


Activity 

Ovaria 

Voltinism 

Type  of  diapause 

Generation 

Origin 

Dormant  at 

Without 

univoitine 

‘obiigatory’ 

1st 

(eariy  batches) 

hibernation 

viteiiinization 

quarters 

Active  (feeding) 

Without 

univoitine 

‘obiigatory’ 

1st 

(iater  batches  or  siower 

on  piants 

viteiiinization 

deveiopment) 

(primariiy  or 

muitivoitine 

facuitative 

1st  or  2nd 

(iater  batches  or  siower 

retrogressed 

deveiopment) 

reproductive 

muitivoitine 

facuitative 

0 

(stiii  surviving 

overwintered  aduits) 

1st 

(eariy  batches) 
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Table  6.4  Response  to  photoperiod  in  Coccinella  septernpunctata  females  transferred  from  a dormancy  site  to  laboratory  in 
October  (Hodek  & Ruzicka  1979).* 

Normal  oviposition 


after  short 
pre-OP 

after  long 
pre-OP 

Transient  oviposition 

No 

oviposition 

% 

Photoperiod 

n 

% 

duration 
of  pre-OP 
(days) 

duration 
of  pre-OP 
% (days) 

duration 
of  pre-OP 
% (days) 

duration 
of  OP 
(days) 

18L6D 

12L12D 

31 

32 

74.1 

3 

13.6  (9-26) 
13 

6.5  38,  52 

25  67.5  (56-72) 

0+ 

9.5  13,15,18 

19.4 

62.5 

*The  experiment  was  discontinued  the  73rd  day;  the  totai  duration  of  oviposition  (OP)  and  post-oviposition  was  not 
foliowed. 

^Tiii  the  26th  day  of  oviposition,  when  the  femaies  were  transferred  to  short  day. 


These  preliminary  experiments  established  (i)  that  in 
August,  soon  after  arrival  at  dormancy  sites,  the 
females  are  refractory  to  photoperiodic  activation;  (ii) 
the  decrease  in  diapause  intensity  with  time,  both  in 
the  open  between  August  and  November  and  in  the 
laboratory:  (iii)  the  temperature  of  12°C  as  suitable  for 
diapause  development. 

The  progress  of  diapause  development  was  later 
investigated  in  more  detail  by  comparative  transfers 
to  laboratory  short-  and  long-day  regimes  of  October 
and  May  samples  from  hibernation  sites.  In  October, 
when  diapause  development  was  not  yet  completed, 
the  photoperiodic  response  still  controlled  the  repro- 
ductive activity  of  females  from  Bohemia,  and  many 
more  females  reproduced  under  long  day  (81%)  than 
under  short  day  conditions  (36%).  This  experiment 
revealed  the  polyphenic  composition  of  the  population: 
at  a short  daylength  only  3%  of  females  oviposited  nor- 
mally, the  other  females  either  showed  a much  delayed 
oviposition  (mean  pre-oviposition  period  of  68  days)  or 
transient  oviposition  lasting  less  than  3 weeks  (Table 
6.4).  Diapause  was  completed  in  late  winter/early 
spring:  then  the  maturation  of  ovaries  was  prevented 
only  by  low  ambient  temperature.  By  May  some  matu- 
ration occurred  due  to  the  increase  in  temperature  in 
the  field  and  the  pre-oviposition  period  after  transfer 
was  therefore  very  short  at  both  photoperiods  (Hodek 
& Ruzicka  1979). 

In  general,  the  above  two  experimental  results  from 
Bohemia  are  consistent  with  those  from  the  Paris 
region  (Bonnemaison  1964)  and  from  southeastern 
France  (Hodek  et  al.  1977:  6. 2. 1.2)  and  with  findings 


on  other  insects  (Hodek  1983):  (i)  diapause  develop- 
ment proceeds  with  time,  i.e.  the  intensity  of  dia- 
pause gradually  diminishes  in  the  course  of  late 
summer,  autumn  and  early  winter,  and  is  completed 
in  almost  the  entire  population  by  December; 
(ii)  processes  of  diapause  development  that  end  dia- 
pause can  proceed  at  12,  15  and  even  25°C,  and  thus 
low  temperatures  near  0°C  are  not  a prerequisite  for 
diapause  completion:  (iii)  the  photoperiodic  response 
disappears  with  the  termination  of  diapause. 

6.2. 1.2  Western  Europe:  France 

Diapause  induction 

Although  the  climate  around  Paris  (Ile-de-France,  c. 
49° N)  is  different  from  that  of  central  Europe,  the 
results  from  a study  of  diapause  in  C.  septernpunctata  in 
this  region  (Bonnemaison  1964)  are  similar  to  those 
fromBohemia(6.2.1.1).Alargeproportion(85-95%) 
of  the  first  generation  entered  diapause  despite  favour- 
able conditions  (long  day  of  16L:8D  or  18L:6D,  22°C, 
excess  of  aphids),  under  which  selection  proceeded 
from  85%  diapausing  individuals  by  steps  to  40,  20,  5 
and  5%  in  the  first  five  generations  to  a culture  consist- 
ing solely  of  non-diapausing  coccinellids  by  the  sixth 
generation.  In  the  second  generation  the  incidence 
of  diapause  was  increased  by  short  days  or  shortage 
of  food.  Bonnemaison  accepted  the  hypothesis  of  a 
mixture  of  uni-  and  multivoltine  phenotypes  and 
assumed  that  immigrants  are  brought  by  air  move- 
ments and  human  transport.  He  did  not  think  the 
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development  of  a second  generation  in  the  Paris  area 
possible. 

Diapause  in  males 

As  explained  in  6. 4. 1.3,  diapause  in  coccinellids  is  not 
connected  with  inactivity  of  the  tissues  of  the  testicu- 
lar follicles.  Because  of  difficulties  of  method,  diapause 
regulation  has  only  rarely  been  studied  in  coccinellid 
males  (Hodek  & Landa  1971,  Ceryngier  et  al,  1992, 
2004)  and  accessory  glands  were  not  included  in  the 
analysis.  From  knowledge  of  other  insects,  one  might 
expect  diapause  to  result  in  inhibition  of  the  accessory 
glands  and  the  copulatory  aptitude  of  males.  When 
Bonnemaison  (1964)  reared  emerged  males  of  the 
fourth  selected  generation  of  C.  septempunctata  under 
12L:12D  and  14  or  18°C  for  15  or  25  days,  he  could 
not  find  these  symptoms  of  diapause.  After  transfer  to 
favourable  conditions  where  females  were  being  reared 
(16L:8D,  20°C),  the  males  copulated  after  2-7  days, 
and  the  females  laid  apparently  (not  specified)  viable 
eggs  after  3-23  days. 

Diapause  development 

Near  Paris,  Bonnemaison  (1964)  found  that  diapause 
lasted  3-6  months  in  C.  septempunctata  females 
which  had  emerged  from  pupae  in  early  August  and 
were  kept  at  20-22°C  and  under  a natural  photope- 
riod. In  contrast  to  the  Czech  results,  he  failed  to  acti- 
vate the  diapausing  females  (probably  collected  too 
early  between  late  July  and  early  September)  by  an 
exposure  to  5 or  8°C  for  5,  9 or  13  weeks  and  by  sub- 
sequent rearing  at  20°C  and  16L:8D  for  15,  11  or  7 
weeks.  His  findings  on  the  onset  of  previtellogenesis 
in  females  in  the  field  from  late  September  onwards 
indicate,  very  similarly  to  the  results  from  Bohemia 
{ 6 . 2 . 1 . 1 ) some  kind  of  lifting  of  the  diapause  inhibition 
in  autumn.  In  contrast  to  central  Europe,  however,  the 
apparently  higher  temperature  of  the  Paris  region 
enabled  the  first  stage  of  maturation  to  proceed  in 
the  field  and  to  be  recorded  by  the  dissection  of  field 
samples,  whereas  in  central  Europe  the  potential  for 
maturation  could  only  be  revealed  by  laboratory 
rearing  (Table  6.1). 

As  pointed  out  above,  the  French  population  does 
not  differ  from  the  general  picture.  Diapause  was 
completed  in  Decemher  when  the  photoperiodic 
response  was  lost  in  almost  all  adults.  This  was  indi- 
cated by  almost  identical  incidence  of  reproduction 


and  duration  of  the  pre-oviposition  period  at  18L:6D 
and  12L:1 2D  photoperiod  regimes. 

In  sontheastern  France  (Basses  Alpes,  c.  44° N), 
C.  septempunctata  has  been  reported  as  univoltine 
or  partly  bivoltine  (Iperti  1966a).  Later,  two  observa- 
tions on  diapause  development  were  made  on  this 
population:  (i)  a comparison  of  the  coccinellids  from  a 
hill  (about  600  m)  in  the  plain  with  those  from  a 
high  mountain  (Cousson,  1512m),  both  close  to  the 
town  of  Digne,  and  (ii)  the  activating  effect  of  injury. 
There  is  a strong  indication  that  the  intensity  of 
diapause  in  early  December  was  greater  at  the  high 
aftitnde  (medians  of  oviposition  delay  were  2 7 days 
at  12L:12D  and  17  days  at  18L:6D)  than  at  the 
lower  altitude  (13  and  10  days,  respectively;  Hodek 
et  al.  1977).  The  reason  for  this  difference  may  be 
the  high  incidence  of  ‘obligatory'  univoltines  in  the 
high  altitude  dormancy  sites,  which  are  usually  occu- 
pied earlier  and  by  larger  individuals  (Honek  1989; 
6,3.2, 3), 

Half  of  the  sample  from  Digne  were  injured  by 
cutting  off  the  second  pair  of  wings.  This  treatment 
shortened  the  mean  pre-oviposition  period  in  the 
beetles  from  both  altitudes  (Hodek  et  al.  1 9 7 7) . Wound- 
ing has  been  reported  in  several  insect  species  as  a 
stimulus  that  decreases  diapause  intensity  (Hodek 
1983).  It  may  act  directly,  through  metabolic  changes, 
or  indirectly  via  sensory  pathways  affecting  the  neu- 
roendocrine system.  A similarly  activating  effect  of 
parasitization  on  diapause  was  observed  in  another 
study  (Ceryngier  et  al.  2004). 

6. 2. 1.3  Northern  Europe 

From  northern  Europe,  most  authors  have  reported 
a univoltine  cycle  for  C.  septempunctata  (Banks  1954 
from  England;  Sundby  1968  from  Norway;  Semy- 
anov  1978a  from  northern  Russia). 

However,  in  a sample  from  Helsinki  (Einland),  sur- 
prisingly all  beetles  reproduced  in  the  first  generation 
when  reared  under  constant  long  day  conditions,  i,e. 
theyrespondedlikepotentialmultivoltines(Hamalainen 
& Markkula  1972),  Such  a response,  never  found  in 
central  or  western  Europe,  is  unexpected  so  far  north 
and  is  different  from  the  populations  from  northern 
Rnssia  (Semyanov  1978a). 

Semyanov  activated  beetles,  sampled  at  the  begin- 
ning of  dormancy,  by  exposing  them  to  18L:6D  at25°C 
for  at  least  30  days  and  he  considered  the  reproduc- 
ing individuals  as  multivoltines.  In  fact,  activation  by 
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photoperiod  was  involved  (similar  to  that  of  the  Czech 
C.  septempimctata;  6.2. 1.1).  Activation  was  achieved  in 
33%  in  the  population  from  the  Khibiny  Mountains 
and  5 5%  in  the  St.  Petersburg  population.  This  may  be 
compared  with  81%  activated  females  in  the  October 
sample  in  the  population  from  Bohemia. 

Zaslavsky  and  Semyanov  (1983)  reported  that  the 
'obligatory'  univoltines  need  a short-day  sensitization 
before  exposure  to  long  days  in  order  to  reproduce. 
Semyanov  (1978a)  executed  such  experiments  with 
a population  (from  the  Khibiny  Mountains  on  the 
Kola  peninsula)  having  the  critical  photoperiod 
(term  explained  in  6.1)  of  17L:7D  at  25°C.  He  used 
10L:14D  at  20°C  or  14L:10D  at  25°C  for  the  ‘short- 
day  sensitization'  and  then  20L:4D  at  20°C  or  18L:6D 
at  2 5°C  as  the  long  day  regime,  and  achieved  reproduc- 
tion in  all  individuals.  The  principal  treatises  on  dia- 
pause (Tauber  et  al.  1986:  Banks  1987:  Saunders 
2002)  refer  to  a short  day/long  day  requirement 
for  diapause  prevention.  The  surprising  results  men- 
tioned earlier  from  Finland  with  the  C.  septempunctata 
population  from  the  Helsinki  region  (Hamaliiinen  & 
Markkula  1972)  could  have  been  produced  by  a similar 
sequence  of  conditions,  and  the  authors  may  have 
omitted  the  information  that  young  adults  (or  larvae) 
were  kept  under  short  days  before  exposure  to  long 
days. 

In  experiments  on  populations  from  the  Pskov  and 
Novgorod  regions  of  Russia,  diapause  of  C.  septempunc- 
tata was  intensified  by  the  combined  action  of  short 
days  and  the  absence  of  aphid  prey  (Zaslavsky  & 
Vaghina  1996). 

6.2. 1.4  Mediterranean  region 

On  the  coastal  plain  of  Israel,  Bodenheimer  (1943) 
recorded  reproduction  in  late  September  after  aestiva- 
tion diapause  that  was  not  induced  by  a lack  of  aphids. 
There  C.  septempimctata  develops  one  complete  and 
one  partial  generation  in  spring  which  is  repeated 
in  autumn.  Hibernation  of  C.  septempunctata  is  appar- 
ently a quiescence  rather  than  diapause  in  this  region. 

In  northern  Greece  near  Thessaloniki  (about 
4 1 ° N) , the  coccinellids  aggregate  in  autumn  on  moun- 
tain tops,  although  the  absence  of  a photoperiodic 
response  recorded  in  the  sample  collected  in  mid- 
November  (Hodek  et  al.  1989)  would  enable  them  to 
reproduce  also  in  short  days.  It  cannot  be  excluded  that 
the  populations  from  Thessaloniki  belong  to  a Mediter- 
ranean biotype  of  C.  septempunctata,  less  dependent  on 


photoperiod  in  the  regulation  of  its  life  cycle.  Prelimi- 
nary results  obtained  with  the  population  from  south- 
ern Spain  also  indicate  this  tendency  (Hodek  & Okuda 
1993). 

Although  no  similar  aggregation  of  C.  septempunc- 
tata adults  was  found  in  autumn  in  the  Athens  region, 
coccinellids  resting  individually  on  dry  plants  or  small 
conifers  were  sampled  on  the  slopes  of  hills.  The  beetles 
were  apparently  on  their  way  to  hibernation  sites.  This 
autumnal  behaviour  was  taken  as  an  indication  that 
winter  dormancy  also  occurs  in  central  Greece,  at 
least  in  a proportion  of  the  population  (Hodek  et  al. 
1989). 

This  assumption  was  confirmed  by  two  detailed  field 
and  laboratory  studies  on  populations  from  central 
Greece  (Katsoyannos  et  al.  1997a,  b),  although  some 
aspects,  e,g,  natural  voltinism  and  the  probability  of  a 
second  reproduction  period  in  autumn,  were  not  com- 
pletely resolved.  Katsoyannos's  (199  7b)  statement  that 
C.  septempunctata  is  a multivoltine  species  was  based  on 
laboratory  rearings:  in  shaded  outdoor  cages  in  the 
Institute’s  yard,  four  generations  were  achieved  (Fig. 
6.1a,  b).  While  there  was  evidently  a natural  photope- 
riod, the  other  conditions  (continuous  feeding  on 
essential  prey  and  protection  from  direct  insolation) 
were  far  from  what  happens  in  the  field.  Eggs,  larvae 
and  pupae  were  abundant  in  the  plain  only  between 
April  and  June,  and  absent  in  winter.  In  June,  most 
adults  migrated  to  mountains,  where  they  were 
recorded  the  whole  year  except  in  May,  but  with  imma- 
ture ovaries  and  empty  guts  (Katsoyannos  et  al, 
1997b).  That  aestivation  diapause  continues  in  the 
open  as  hibernation  quiescence  was  shown  by  repro- 
duction after  a short  pre-oviposition  period  in  late 
autumn  and  winter  samples  transferred  from  dor- 
mancy sites  to  the  laboratory  (Fig.  6.2).  Field  observa- 
tions therefore  indicate  a univoltine  life  cycle  in  central 
Greece,  but  the  tendency  to  obligate  univoltinism  is 
probably  present  in  only  a low  proportion  of  the  popu- 
lation. This  is  shown  by  the  high  incidence  of  oviposi- 
tion  in  the  first  generation  in  the  vial  cultures  (Fig. 
6.1b).  Beetles  in  outdoor  cages  spent  the  winter  in  dor- 
mancy and  resumed  egg  laying  in  spring  (Katsoyannos 
et  al.  1997a,  Fig.  6.1a,  b). 

Iperti  (1966a)  recognizes  C.  septempunctata  as  uni- 
voltine or  partly  bivoltine  in  the  French  Riviera.  The 
first  generation  only  oviposits  exceptionally  before 
diapause. 

In  the  mountainous  region  of  Sweida,  in  southern 
Syria  (1400-1500m)  C.  septempunctata  are  actively 
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Figure  6.1  Subsequent  cultures  (1-4)  of  Coccindla  septempunctata  adults  reared  outdoors  under  temperatures  (monthly 
averages  of  minimum  and  maximum)  indicated  below:  Kilissia,  Athens  (from  Katsoyannos  et  al.  1997a).  (a)  Ladybirds  were 
reared  in  outdoor  cages  in  1990-91;  (b)  Outdoor  rearings  in  vials  1994-95. 


preying  on  Eriosoma  lanigerum  in  April  and  May.  The 
authors  recorded  aestivation  quiescence  from  late  June 
to  early  September  and  no  reproduction  before  the 
winter  diapause  (Almatni  et  al.  2002).  They  agree  with 
Bodenheimer’s  (1943,  1957)  interpretation,  although 
it  is  in  fact  different  (see  above). 

In  the  region  of  Ankara  (Turkey),  Bodenheimer 
(1943)  did  not  record  much  difference  from  the 
central-European  pattern  of  aestivo-hibernation  ter- 
minating in  late  May  and  June.  Although  Bodenheimer 
(1943)  found  active  adults  of  C.  septempunctata  in  late 
March  and  in  September,  he  maintained  that  there  is 
only  one  annual  generation  in  the  Ankara  region. 
From  similar  observations  in  central  Europe,  the  pos- 
sibility of  a partial  second  generation  has  been  based 
on  dissections  and  experiments  (6, 2. 1.1;  Table  6.1). 

Long-term  phenological  observations  also  in  Italy 
and  Spain  would  clarify  the  cycle  of  C.  septempunctata 
in  this  region.  Oportunistic  traits  may  be  involved  such 


as  those  described  e.g.  in  coccinellids  from  eastern  Aus- 
tralia (6.2.10,  6.2.11). 


6. 2. 1.5  Nearctic  region 

The  establishment  of  C.  septempunctata  in  the  Nearctic 
region  was  first  recorded  in  New  Jersey  during  the 
years  1973-74,  and  the  species  was  reported  as  almost 
entirely  univoltine,  with  only  occasional  females  pro- 
ducing a second  generation  (Angalet  et  al.  1979). 
Obrycki  and  Tauber  (1981)  also  found  a univoltine 
cycle  in  New  York  State.  In  a comparison  between  four 
populations,  Phoofolo  and  Obrycki  (2000)  recorded, 
however,  that  47  and  70%  of  ladybirds  from  Iowa  and 
Delaware  (USA),  respectively  laid  their  first  eggs  within 
the  first  two  weeks.  These  figures  agree  with  those 
obtained  over  5 years  in  the  first  generations  of  Czech 
populations  (6.2. 1.1). 
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Figure  6.2  Pre-oviposition  periods  of  Coccindla  septempunctata  females  collected  in  aestivo-hibernation  from  Mt.  Kitheron 
(1993-94)  and  transferred  at  different  dates  (a-k)  to  2 5°C,  16L:8D  and  presence  of  aphids  in  the  laboratory  (from 
Katsoyannos  et  al.  1997b). 


6.2. 1.6  Potential  multivoltines  in 
univoltine  popniations 

It  seems  remarkable  that  more  than  8 5 years  after  the 
classic  Dobrzhanskii  (1922)  papers , we  cannot  yet  fully 
answer  the  question:  how  is  the  voltinism  of  C.  septem- 
punctata regulated.?  (See  later  that  this  is  not  different 
in  other  species,  such  as  Hip.  convergens,  6.2.7.)  While 
in  temperate  climates  of  Europe  and  USA  we  see  the 


scenario  of  a rare  and  partial  development  of  a second 
generation,  a similar  situation  often  obtains  in  the 
Mediterranean  climate,  with  the  exception  of  the 
reports  from  the  coastal  plain  of  Israel  (Bodenheimer 
1943)  and  an  isolated  observation  from  southern 
Spain  (Hodek  & Okuda  1993).  A bivoltine  life  cycle 
with  two  reproduction  periods  in  spring  and  autumn, 
isolated  by  two  dormancies,  has  also  been  found  in 
central  Japan  in  C.  s.  hrucki,  but  there  it  is  based  on 
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reverse  photoperiodic  responses  (6.2.2. 1).  The  low 
level  of  understanding  of  diapause  regulation  in  C.  sep- 
tempunctata  is  caused  by  the  great  plasticity  of  this 
species,  evolved  due  to  a constant  instability  of  the 
occurrence  of  aphid  prey  (Chapter  5)  and  evidently 
maintained  by  the  vagility  that  prevents  the  formation 
of  isolated  gene  pools  in  individual  regions. 

To  simplify,  we  may  say  that  researchers  bring  to  the 
laboratory  samples  of  a bimodal  population,  composed 
of  ‘obligatory’  univoltines  and  potential  multivoltines. 
The  proportion  of  these  two  fractions  of  the  popula- 
tion varies  between  localities  and  most  probably  also 
between  years.  We  cannot  be  sure  that  our  ‘favourable’ 
experimental  conditions  enable  the  maximum  expres- 
sion of  the  potential  multivoltinism.  Some  of  the  con- 
ditions used  (temperature,  prey,  population  density, 
relative  humidity)  may  decrease  the  incidence  of  repro- 
ducing females.  Thus,  we  can  only  state  what  propor- 
tion of  our  sample  produces  a second  generation  under 
our  experimental  conditions.  We  do  not,  however, 
know  the  maximum  proportion  of  potential  multivol- 
tines in  a sample  of  a given  population.  Anyway,  the 
potential  for  multivoltinism  is  only  rarely  realized  in 
the  field. 

Phoofolo  and  Obrycki  (2000)  carried  out  a detailed 
comparison  of  multivoltine  tendencies  in  four  geo- 
graphically distant  populations.  Perhaps  a two-stage 
response  (Banks  1987)  underlies  the  adult  develop- 
ment of  C.  septempunctata.  This  phenomenon  may  be 
similar  to  the  northern  population  of  Chil.  bipustulatus 
(Zaslavskii  1970).  Therefore  the  possibility  of  an  ‘arti- 
ficial’ multivoltine  cycle  may  be  revealed  in  the  labo- 
ratory under  a short  day/long  day  photoperiodic 
programme. 


6.2.2  Coccinella  septempunctata  brucki 

6.2.2. 1 Central  Japan  (central  Honshu) 

The  life  cycle  of  C.  s.  brucki  in  central  Japan  is  quite  the 
reverse  of  that  of  C.  s.  septempunctata  as  described  from 
Europe  and  North  America.  Regulation  of  diapause 
was  first  studied  in  the  regions  of  Nagoya  and  Tokyo  in 
central  Honshu.  The  conditions  of  the  Nagoya  plain 
are  suitable  for  reproduction  and  development  of 
larvae  in  spring  (from  mid- April  to  late  June)  and  again 
in  autumn  (in  September  and  October).  These  periods 
of  active  life  alternate  with  periods  of  developmental 
arrest,  a deep  aestivation  (summer  diapause)  and  a 


weak  hibernation  which  is  a mere  quiescence  ( (Sakurai 
et  al.  1981a;  6.1).  In  spite  of  the  natural  photoperiod 
in  winter,  hibernating  adults  were  quickly  activated  by 
a simple  increase  in  temperature  to  25°C  (Sakurai 
et  al.  1981a,  1982,  1983,  1986,  1987a,  b,  Okuda  & 
Chinzei  1988). 

Diapause  induction/ prevention 

Preliminary  experiments  indicated  that  short  days 
and  low  temperature  prevent  diapause  in  beetles 
from  the  Nagoya  region  (Hirano  et  al.  1982).  A similar 
but  much  weaker  response  was  reported  in  the  Tokyo 
population  (Niijima  & Kawashita  1982).  When  the 
Nagoya  coccinellids  were  reared  under  short  days 
(11L:13D  or  10L:14D)  and  a low  temperature  (18°C), 
the  beetles  showed  a high  respiration  rate  and  females 
oviposited.  High  temperature  (25°C)  weakened  the 
diapause-preventing  effect  of  short  days:  the  females 
oviposited  for  only  10  days  and  their  respiration  rate 
was  low  (Sakurai  et  al.  1987a). 

Short  days  prevented  diapause,  but  not  in  the  whole 
sample  of  the  Nagoya  population.  The  experimental 
photoperiod  and  temperature,  which  roughly  simu- 
lated autumn  conditions  in  that  region  (13.5L:10.5D, 
18°C),  stimulated  reproduction  in  15  females  (62%) 
within  36  days,  while  only  one  female  (5%)  oviposited 
within  the  50  days  of  rearing  under  control  conditions 
of  long  days  (18L:6D)  and  high  temperature  (25°C). 
Another  sample  responded  similarly  to  a still  shorter 
photophase  (12L:12D)  combined  with  high  tempera- 
ture (2  5°C):  79%  (n  = 29)  females  oviposited  within  30 
days  while  in  the  control  (18L:6D,  25°C)  only  36% 
females  oviposited  (Okuda  & Hodek  1983,  Hodek  et  al. 
1984). 

Populations  of  C.  s.  septempunctata  are  very  sensitive 
to  shortage  or  lower  quality  of  food  and  respond  by 
increasing  the  incidence  of  diapause  (6. 2. 1.1  and 
Chapter  5).  This  phenomenon  was  also  observed  in  C. 
s.  brucki  (Niijima  & Kawashita  1982,  Kawauchi  1985) 
and  might  have  partially  affected  the  above-mentioned 
variation  in  incidence  of  ovipositing  females.  Anyway, 
the  same  tendency  was  recorded  in  all  quoted  experi- 
ments: In  central  Japan,  C.  s.  brucki  is  a short-day 
insect  and  the  induction  of  diapause  of  the  populations 
from  central  Honshu  is  regulated  by  the  reverse 
photoperiodic  response  of  that  found  in  C.  s.  septem- 
punctata (which  is  a long-day  insect;  6.2.1). 

The  bivoltine  cycle  of  C.  s.  brucki  in  central  Honshu 
may  be  modified  if  the  pupae  (and/or  eggs)  develop  in 
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directly  insolated  artificial  microhabitats,  such  as 
metal  cans  or  paper  and  wooden  material  on  slopes 
exposed  to  solar  radiation.  While  most  beetles  of  the 
population  hibernate  in  quiescence,  reproductive 
adults  can  therefore  occur  at  the  same  time  (Ohashi  et 
al.  2005). 

Diapause  development  and  termination 

A short-day  photoperiodic  response  also  operates  in 
the  development  and  termination  of  diapause.  Adults 
collected  in  September  in  aestivation  sites  in  the 
Nagoya  region  were  activated  remarkably  well  by 
autumn-like  conditions  (13.5L:10.5D,  18°C)  with 
36%  of  the  females  ovipositing  within  just  a fortnight 
and  77%  within  80  days  (n  = 13).  Under  long  days  and 
high  temperature  (18L:6D,  25°C),  only  18  and  29%  of 
control  females  oviposited  within  14  and  80  days, 
respectively  (n  = 17)  (Hodek  et  al.  1984). 

In  contrast  to  hibernation,  aestivation  diapause  is 
often  terminated  by  environmental  factors  (Masaki 
1980),  i.e.  by  tachytelic  processes  (sensu  Hodek  1981, 
1983:6.1).  The  aestivation  of  C.  s.  hrucki  is  thus  termi- 
nated in  the  usual  way.  This  laboratory  finding  needs 
to  be  verified  by  observation  in  the  field:  the  laboratory 
results  may  reflect  only  one  of  the  possible  multiple 
ways  of  diapause  termination  and  another  pathway 
may  be  operating  in  the  natural  situation.  In  general, 
hibernation  diapause  can  be  terminated  by  photoperi- 
odic activation  in  the  laboratory,  but  usually  this  is  not 
the  case  in  nature  where  diapause  ends  spontaneously 
around  the  winter  solstice  (Hodek  1971b:  Tauber  & 
Tauber  1976). 

Life  cycle  in  central  Honshu 

In  the  Nagoya  plain,  the  progeny  of  hibernated  females 
can  develop  from  mid-April  to  late  June  and  is  thus 
exposed  to  an  increase  in  daylength  from  14  to  16 
hours  and  in  average  temperature  from  15  to  25°C. 
These  conditions  ought  to  induce  aestivation  diapause 
in  a large  proportion  of  adults.  We  recorded  a high 
incidence  (64  and  95%)  of  diapause  under  a constant, 
but  longer  daylength  of  18  hours.  The  resumption  of 
reproductive  activity  in  September  coincides  with 
shortening  daylengths  from  14  to  13  hours  and  with 
a decrease  in  mean  temperature  from  25  to  20°C.  Our 
laboratory  conditions,  which  simulated  the  autumn  in 
Nagoya,  stimulated  the  resumption  of  oviposition. 
Thus  C.  s.  brucki  from  central  Japan  shows  environ- 


mental regulation  of  the  life  cycle  which  is  the  reverse 
of  that  of  C.  s.  septempunctata.  All  results  indicate  that 
the  photoperiodic  and  temperature  responses  are 
directed  towards  the  induction  of  aestivation 
diapause. 

The  reversal  of  the  photoperiodic  response  might  be 
the  consequence  of  divergence  in  allopatric  popu- 
lations during  the  process  of  geographic  differentia- 
tion which  has  reached  the  subspecies  stage  (Mayr 
1970).  If  the  distribution  of  C.  s.  brucki  is  limited  to 
Japan,  the  subspecies  probably  represents  a peripheral 
isolate  (Mayr  1970)  whose  first  arrivals  in  the  south 
of  the  Japanese  archipelago  may  have  been  multivolt- 
ine  individuals  predominantly  lacking  the  photoperi- 
odic response.  The  short-day  type  of  photoperiodic 
response  was  then  acquired  under  selective  pressure  of 
the  climate  with  hot  summers  and  mild  winters.  Of 
course,  this  speculation  relates  to  just  one  of  several 
possible  evolutionary  pathways.  An  analysis  of  the 
problem  should  begin  with  the  study  of  photoperiodic 
responses  of  C.  s.  brucki  (or  eventually  other  subspe- 
cies) populations  not  only  from  Japan  but  also  from 
adjacent  regions,  particularly  from  southern  Korea 
and  Ryukyu. 

6. 2. 2. 2 Sapporo,  Hokkaido  (Japan) 

In  a population  from  Sapporo,  long-day  photoperiod 
combined  with  high  temperature  averted  diapause 
(Okuda  & Hodek  1994).  This  was  evidenced  both  by 
the  relatively  fast  activation  of  the  entire  autumnal 
sample  and  by  the  incidence  of  reproductive  females  in 
the  FI  progeny.  In  long  days  of  16L:8D  and  25°C,  all 
females  collected  in  early  September  started  oviposi- 
tion within  32  days.  Short  days  of  12:12D  combined 
with  20°C,  however,  inhibited  the  reproductive  activity 
of  most  females  from  the  sample  (n  = 34),  so  that  only 
three  started  ovipositing  after  10  weeks.  In  the  FI  gen- 
eration, diapause  was  averted  in  37  and  63%  of  the 
females  when  a long-day  photoperiod  of  16L:8D  was 
combined  with  25  or  30°C  respectively.  In  short  days 
of  12L:12D  and  20°C,  the  beetles  of  the  FI  generation 
aggregated  after  a short  period  of  feeding  and  did  not 
begin  to  oviposit,  at  least  until  they  were  68  days  old, 
when  the  experiment  was  discontinued  (Okuda  & 
Hodek  1994). 

In  contrast  to  the  populations  from  central  Honshu, 
these  results  strongly  indicate  that  the  Sapporo  popu- 
lation of  C.  s.  hrucki  has  the  long-day  photoperiodic 
response.  In  this  respect  C.  s.  brucki  from  Hokkaido  is 
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similar  to  C.  s.  septempunctata  from  central  Europe 
(Hodek  & Cerkasov  1961,  Hodek  & Ruzicka  1979)  and 
some  other  European  populations  (Bonnemaison 
1964,  Hamalainen  & Markkula  1972,  Hodek  et  al, 
1977,  Semyanov  1978b),  This  similarity  in  photoperi- 
odic  response  is  appropriate  to  ensure  a similar  life 
cycle,  i,e,  to  induce  winter  diapause  in  two  climatically 
similar  regions  with  long  harsh  winters. 

6. 2. 2. 3 Northern  Honshu  (Japan) 

An  intriguing  question  still  remains  to  be  solved: 
what  happens  in  northern  Honshu  in  the  transition 
zone  between  the  two  above  populations,  A group  of 
Japanese  researchers  has  recently  tackled  this  problem 
by  sampling  and  dissecting  C,  s.  bnicki  samples  in 
Hokkaido  and  several  regions  of  Honshu  (Ohashi  et  al, 
2003),  The  absence  of  summer  diapause  in  Hokkaido 
and  its  presence  in  the  plains  of  central  Honshu  was 
corroborated. 

At  higher  altitudes  of  central  Honshu,  and 
in  northern  Honshu  that  is  an  intermediate  area 
between  regions  of  short-day  and  long-day  popula- 
tions, the  frequency  of  diapause  expression  varied 
greatly  among  samples  from  different  localities  and 
years.  Moreover,  diapausing  and  non-diapausing 
adults  co-existed  in  31%  of  summer  samples.  The 
authors  rightly  concluded  that  there  is  genetic  varia- 
tion in  diapause  tendency  within  the  local  populations. 
They  suggest  that  diapause  is  prevented  there  if  the 
average  daily  mean  air  temperature  in  July  is  lower 
than  21,5°C  (Ohashi  et  al,  2003), 


6.2.3  Coccinella  novemnotata 

The  hivoltine  C,  novemnotata  (McMullen  1967a,  b) 
undergoes  diapause  twice  during  the  annual  cycle.  The 
adults  of  the  spring  generation  pass  the  hot,  dry 
summer  months  in  diapause  and  lay  eggs  in  the  early 
autumn.  The  adults  of  the  autumn  generation  pass 
the  winter  in  diapause  and  reproduce  in  the  early 
spring.  In  the  spring,  the  teneral  adults  are  subjected 
to  a photophase  which  increases  from  1 7 , 5 to  1 8 hours 
and  in  the  autumn  decreases  from  about  14  to  13 
hours  (Fig,  6,3),  Temperature  and  the  amount  of  prey 
are  also  involved:  Particularly  low  temperature  con- 
tributes to  the  induction  of  diapause  in  the  autumn 
generation.  The  intermediate  photophase  of  1 6 hours 
consistently  determines  non-diapause  development  in 


90-100%  of  coccinellids,  even  when  feeding  rates  are 
reduced  to  one-quarter  and  the  temperature  ranges 
between  15,5  and  32°C, 

One  of  the  studies  (McMullen  1967b)  analyses  the 
stage  sensitive  to  diapause  induction  (Fig,  6,4), 
The  conclusion  that  it  is  the  young  adult  aged  1-7 
days  that  is  sensitive  is,  however,  rather  questionable 
because  the  percentage  of  diapause  was  estimated  by 
the  dissection  of  females  when  only  14  days  old,  i,e, 
only  4-7  days  after  transfer.  In  such  a short  time  the 
processes  controlling  the  maturation  or  regression  of 
ovaries  could  not  have  been  completed  at  21°C,  In 
order  to  exclude  what  seems  indeed  very  probable,  i,e, 
that  adults  aged  more  than  7 days  are  also  responsive, 
it  would  be  necessary  to  dissect  females  much  later 
after  the  transfer.  These  experiments  did  not  exclude 
the  possibility  that,  as  in  other  insects  diapausing  as 
adults  (Hodek  1971a),  the  pre-imaginal  stages  are  also 
sensitive  to  the  cues  controlling  diapause  induction. 
This  was  recorded  in  Chil.  hipustulatus  (Tadmor  & 
Applebaum  1971;  Table  6,12;  6,2,13),  In  C,  novemno- 
tata the  sensitivity  of  pre-imaginal  stages  is  indicated 


X— X— X 15-5  °C 


Figure  6,3  Modification  of  photoperiodic  response  by 
temperature  in  Coccinella  novemnotata  (from  McMullen 
1967b). 
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Figure  6.4  Effect  of  change  in  photoperiod  on  diapause  incidence  in  Coccindla  novannotata.  Females  were  dissected  at  the  age 
of  14  days.  Under  the  treatments  marked  by  * ovogenesis  in  non-diapause  individuals  was  retarded,  compared  with  controls 
(from  McMullen  1967b). 


by  retarded  ovogenesis  In  females  (marked  with  ‘a’  on 
Fig  6.4)  which  were  transferred  to  a non-diapause  pho- 
toperiod  as  teneral  or  young  adults. 

The  sensitivity  of  earlier  stages  may  be  masked 
when  later  stages  are  influenced  by  the  reverse 
stimuli;  the  effect  may  thus  be  reversed.  The  sensitiv- 
ity of  the  pre-imaginal  stages  may  be  distinguished 
when  the  adults  are  kept  under  neutral  conditions.  In 
fact,  we  do  not  search  for  a specific  sensitive  stage,  but 
rather  for  the  stage  of  development  in  which  we  can 
still  succeed  in  preventing  oviposition  completely  (i.e. 
to  reverse  the  former  opposite  effect)  by  a transfer  from 
non-diapause  to  diapause-inducing  conditions.  A suit- 
able criterion  for  the  sensitivity  of  larvae  may  be  the 
length  of  the  pre-oviposition  period  in  females  kept  as 
larvae  for  different  periods  of  time  under  diapause  con- 
ditions (Hodek  1971a). 

6.2.4  Adalia  bipunctata 

Due  to  the  low  developmental  threshold  (Chapter  3.6) 
for  post-diapause  and  non-diapause  development 


A.  bipunctata  can  start  mating  and  ovipositing  early 
in  spring  (Hodek  1960,  Obrycki  et  al.  1983,  Hemp- 
tinne  & Naisse  1987)  and  have  a multivoltine  life 
cycle.  Four  generations  are  reported  from  the  region  of 
Bologna,  northern  Italy  (Bazzocchi  et  al.  2004).  Short 
daylengths  induce  diapause,  while  long  daylengths 
prevent  diapause  in  all  individuals.  The  critical  pho- 
toperiod for  diapause  induction  in  the  Ithaca,  New 
York,  USA  (about  42°N)  population  lies  between 
13L:11D  and  14L:10D  at  23°C  ( Obrycki  et  al.  1983; 
Table  6.5).  In  two  samples  from  southeastern  France, 
Iperti  and  Prudent  (1986)  found  oviposition  in  54  and 
85%  of  females  at  1 3L;  1 ID  and  2 5°C,  while  at  1 2L;  1 2D 
no  female  reproduced  during  a period  of  4 weeks. 
Thus,  the  critical  photoperiod  of  both  populations,  col- 
lected in  different  continents,  appears  to  be  very  similar. 

Diapause  completion  does  not  require  exposure  to 
low  temperatures.  At  23°C,  duration  of  diapause  is 
quantitatively  related  to  photoperiod.  The  progress  of 
diapause  development  is  indicated  by  the  photoperi- 
odic  response  diminishing  substantially  in  late  Decem- 
ber and  being  almost  absent  in  March  (Obrycki  et  al. 
1983;  Table  6.6). 
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Table  6.5  Induction  and  duration  of  diapause  in  Adalia  hipunctata  under  a series  of  constant  photoperiods  (23  ± 1“C) 
(Obrycki  et  al.  1983). 


Photoperiod 

Preoviposition  period  (x  ± SD)  (days) 

Diapause  (%) 

Ovipositing  females  (n) 

16L8D 

8,4  ± 2,2 

0 

18 

15L9D 

8,9  ±2,3 

0 

11 

14L:14D* 

10,4  ±2,4  (A) 

— 

7 

26,7  ± 6,4  (B) 

46 

6 

13L:11D 

61 ,8  ± 16,2 

100 

13 

12L12D 

98,5  ± 8,2 

100 

11 

10L14D 

113,3  ± 18,1 

100 

11 

‘Group  A females  oviposited  in  about  the  same  time  as  observed  at  16L:8D  and  15L:9D,  no  diapause;  group  B females 
took  substantially  longer  to  oviposit,  weak  diapause. 


Table  6.6  Pre-oviposition  period  in  Adalia  hipunctata  after  transfer  from  outdoors  to  various  photoperiods  (Obrycki  et  al. 
1983). 


Photoperiod 


Sample  date 

16L:8D 

14L:10D 

12L:12D 

10L:14D 

Natural 

22  Oct, 
22  Dec, 
22  Dec, 
7 Mar, 
21  May 

14,6  ± 1,6  (9/9) 
A - 
B - 

12,3  ±3,3  (8/10) 
10,8  ± 1,8  (10/11) 

7,0  ± 1 ,7  (6/8) 
2,8  ± 1 ,3  (7/8) 

75,0  ± 8,4  (3/9) 

20.8  ±7,7  (7/13) 
117  (1/6) 

10.8  ±3,1  (8/12) 
2,5  ± 1 ,0  (6/6) 

144,5  ±34,6  (2/10) 

18.0  ±5,3  (3/10) 

97.0  ± 10,8  (3/7) 

12.0  ±4,3  (8/11) 
2,4  ± 1 ,0  (7/9) 

11 6,0  ±37  (4/10) 

21 .5  ±4,9  (2/10) 
61 ,3  ± 30,3  (3/8) 

12.6  ±2,7  (7/8) 
3,0  ± 1 ,2  (4/4) 

Numbers  in  parentheses  indicate  number  of  ovipositing  females  per  total  number  of  females  in  each  condition.  Tem- 
perature under  constant  photoperiods,  23  ± 1°C;  temperature  under  natural  daylength,  23  ± 2°C.  For  the  definition  of 
groups  A and  B see  Table  6.5. 


Adalia  hipunctata  has  recently  invaded  Japan. 
Larvae  and  pupae  are  found  in  April  and  May,  while 
during  summer  (July,  August)  the  inactive  adults  are 
dormant  in  groups  of  up  to  10  in  rolled  dry  leaves.  In 
autumn  some  actively  foraging  and  preying  adults 
were  observed,  but  no  larvae.  In  addition  to  the  sites 
recorded  during  aestivation,  the  bark  of  maple  is  used 
for  overwintering  (Sakuratani  et  al,  2000), 

6.2.5  Propylea  quatuordecimpunctata 
and  P.  dissecta 

Obrycki  et  al,  (1993)  studied  the  photoperiodic  induc- 
tion of  diapause  in  three  populations  of  P.  quatuor- 
decimpunctata from  widely  separated  geographical 
regions  (Quebec  45°  N,  Turkey  40°  N,  southern  France 


44°  N),  Little  difference  was  found  in  their  critical 
photoperiod  for  diapause  induction.  The  authors 
explained  this  similarity  by  the  previous  2-4  genera- 
tions reared  under  long  days.  However,  the  critical  pho- 
toperiod depends  mostly  on  the  latitude,  and  this  was 
similar  in  all  three  regions.  At  long  days  and  26°C 
Phoofolo  and  Obrycki  (2000)  recorded  in  the  above 
three  populations,  respectively,  83,  56  and  80%  of 
females  ovipositing  within  2 weeks  of  emergence, 
which  is  a higher  proportion  of  ‘multivoltines'  than  in 
C.  septempimctata  (6,2, 1,5), 

In  northern  India,  active  adults  of  P.  dissecta  are 
found  from  February  to  April  and  again  from  August 
to  October  (Omkar  & Pervez  2000),  These  activity 
periods  are  a little  different  from  those  reported  for 
C,  septempimctata  for  the  same  region:  December  to 
March  and  July  to  September  (Omkar  & Pervez  2000), 


292  I.  Hodek 


6.2.6  Hippodamia  tredecimpunctata 

Populations  of  Hip.  tredecimpunctata  from  Maine  (USA) 
are  bivoltine.  At  a constant  temperature  of  21°C,  dia- 
pause can  be  prevented  in  all  females  by  long  days  of 
16L:8D.  The  photoperiod  of  14L:10D  (near  the  critical 
threshold)  enabled  reduced  (i.e.halved)  oviposition  in 
70%  of  females.  At  12L:12D  still  one  third  of  females 
laid  eggs  for  14  to  69  days.  The  results  were  slightly 
modified  by  the  photoperiod  during  larval  rearing, 
indicating  that  also  the  larvae  are  sensitive  to  factors 
inducing  adult  diapause  (Storch  & Vaundell  1972). 

Below,  the  data  for  three  long  distance  migrants 
are  discussed.  Fifteen  years  ago,  it  was  surprising 
(Hodek  1996)  how  meagre  was  the  experimental  evi- 
dence on  the  regulation  of  diapause  in  the  three  best- 
known  long-distance  migrants,  the  Nearctic  Hip. 
convergens,  the  Palaearctic  Cer.  undecimnotata  and  Har. 
axyridis  from  Far  East  Asia.  There  were  only  studies  in 
southeastern  France  and  central  Europe  on  Cer.  iindec- 
imnotata  (6.2.8).  This  situation  has  much  improved  in 
the  last  decade. 


6.2.7  Hippodamia  convergens 

In  northern  California,  Hagen  (1962)  assumed  that 
there  were  three  types  of  dormancy  in  Hip.  convergens. 
The  majority  of  the  population  has  a univoltine  cycle. 
This  is  the  original  pattern,  as  before  irrigation  was 
introduced,  the  species  was  dependent  on  aphids 
on  prairie  grasses  in  the  spring.  The  irrigated  crops 
enable  introduced  aphids  to  maintain  themselves 
during  the  summer  and  autumn.  Some  Hippodamia 
spp.  (including  Hip.  convergens)  have  reacted  to  this 
later  abundance  of  aphids  by  reproduction  in  the 
summer  and  multivoltinism.  The  multivoltine  adults 
of  Hip.  convergens  enter  hibernation  in  the  autumn. 
Their  diapause  is  induced  mainly  by  photoperiod  and 
temperature  (Hagen  1962).  For  the  Californian  pop- 
ulations. the  photoperiod  of  14L:10D  and  25°C  was 
reported  as  preventing  diapause  (Davis  & Kirkland 
1982). 

Hippodamia  convergens  often  joins  the  other  Hippoda- 
mia spp.  in  the  valley  aggregations.  Most  univoltine 
Hip.  convergens  adults  show  a facultative  diapause 
that  appears  to  be  largely  nutritionally  induced.  In 
the  laboratory,  however,  there  were  occasions  when 
10-20%  of  the  beetles  entered  diapause,  although 
conditions  were  optimal  and  the  beetles  were  supplied 


with  an  excess  of  essential  aphid  food  (Chapter  5.2.11, 
for  the  term).  Hagen  (1962,  p.  305  therein)  supposed 
that  strains  of  Hip.  convergens  exist  which  possess  an 
obligatory  diapause  (see  the  discussion  on  C.  septem- 
punctata,  6. 2. 1.6). 

In  the  Great  Plains  region  of  central  USA,  various 
cases  of  nutritional  regulation  of  reproductive  dia- 
pause were  analyzed  in  females  of  Hip.  convergens 
(Michaud  & Qureshi  2005,  2006).  The  importance 
of  drinking  sap  on  sunflowers  in  the  summer  months 
in  West  Kansas  was  examined  in  this  arid  region.  Sun- 
flower petioles  and  pollen  as  well  as  lepidopteran  eggs 
were  provided  to  the  beetles  collected  in  early  June. 
While  these  females  did  not  oviposit  in  the  absence  of 
protein  food,  feeding  on  eggs  of  Ephestia  kuehniella  fol- 
lowed by  pollen  enabled  66%  (n  = 171)  of  the  females 
to  lay  viable  eggs  at  a low  rate  of  6.6  eggs/day.  The 
females,  transferred  on  14  August  to  essential  aphid 
food  (Schizaphis  graminum),  laid  six  times  more  eggs. 

These  experiments  stressed  the  adaptive  role  of  the 
life  cycle  in  Hip.  convergens  in  that  it  enables  survival 
during  arid  summer  conditions  when  there  is  a short- 
age of  the  essential  food,  aphids.  In  the  absence  of 
protein-rich  food,  the  first  generation  can  enter  dia- 
pause. Another  tactic  could  be  to  wait  in  a state  of 
lowered  metabolism  (but  less  lowered  than  in  dia- 
pause) for  the  re-appearance  of  essential  aphid  food, 
relying  meanwhile  on  alternate  foods.  Then  a switch 
to  intensive  egg  laying  can  be  quick,  as  was  shown  by 
a short  oviposition  delay  of  only  4 or  6-9  days  on 
essential  prey  (Michaud  & Qureshi  2005,  2006).  For 
Hip.  convergens,  we  still  need  to  know  more  about  the 
combined  action  of  food  and  photoperiod. 

In  the  upper  coastal  plain  of  South  Carolina,  dia- 
pausing  adults  of  Hip.  convergens  were  recorded  feeding 
on  eggs  and  larvae  of  the  moth  Heliothis  tea  in  spite 
of  a short  day  photoperiod  of  12L:12D,  when  they 
were  transferred  during  December/January  to  tem- 
peratures >15.5°C  (Roach  &Thomas  1991).  This  may 
indicate  that  diapause  development  was  already 
completed. 


6.2.8  Ceratomegiiia  (=Semiadalia) 
undecimnotata 

Detailed  studies  in  central  Greece  (Katsoyannos  et  al. 
1997a,  b,  2005)  have  widened  our  knowledge  on  dia- 
pause of  Cer  undecimnotata.  In  one  season,  five  genera- 
tions were  reared  in  outdoor  cages  with  a surplus  of 
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Table  6.7  Duration  of  preoviposition  period  of  females  of  Ceratomegilla 
imdecimnotata  collected  during  their  aestivo-hibernation  from  the  summit  of  Mount 
Kitheron  (1409m)  and  transferred  to  the  laboratory  (25“C,  16L:8D,  and  presence  of 
aphids)  (Katsoyannos  et  al.  2005). 


Collection 

date 

Females 

collected 

Duration  of  preoviposition  (days) 

Median 

Mean 

sd 

Minimum 

Maximum 

04-Jul-93 

16 

92 

94 

4 

89 

101 

21-Jul-93 

15 

68 

72 

9 

68 

103 

04-Aug-93 

22 

64 

64 

4 

58 

68 

19-Aug-93 

20 

42 

44 

6 

40 

60 

09-Sep-93 

17 

21 

22 

7 

11 

34 

28-Sep-93 

18 

24 

30 

16 

15 

66 

21 -Oct-93 

19 

29 

30 

6 

21 

48 

01 -Nov-93 

18 

30 

31 

3 

28 

42 

18-NOV-93 

19 

28 

29 

10 

13 

46 

1 7-Dec-93 

20 

17 

22 

10 

17 

49 

19-Jan-94 

16 

16 

20 

7 

12 

37 

30-Mar-94 

24 

14 

15 

5 

9 

29 

aphids.  It  was  demonstrated  that  diapause  is  faculta- 
tive in  a part  of  population:  about  30%  of  females 
remained  immature  in  the  first  three  generations.  Thus 
the  population  appears  to  be  heterogeneous  as 
regards  the  induction  of  diapause  (similar  to  C.  sep- 
tempunctata,  6. 2. 1.4  and  6. 2. 1.6,  and  Hip.  convergens, 

6.2.7) .  The  results  from  these  cultures  corresponds  to 
that  from  the  dissection  of  samples  from  the  plain, 
where  about  40-50%  non-reproductive  females  were 
recorded  from  mid-June.  At  that  time  most  females 
(70-100%  in  different  years)  collected  on  mountain 
summits  were  immature  (Katsoyannos  et  al.  2005). 
Regularly  transferring  samples  from  the  mountain 
tops  to  long  days  of  16L:8D  and  prey  surplus  at  25°C 
led  to  activation.  Females  laid  eggs  after  a gradually 
shortened  pre-oviposition  period,  that  was  long  in 
summer  (92  and  64  days  in  July  and  August,  respec- 
tively) and  decreased  to  about  20  days  in  September. 
This  clearly  showed  the  progress  of  diapause  devel- 
opment. i.e.  a decrease  in  diapause  intensity  (Table 

6.7) .  Katsoyannos  et  al.  (2005)  plausibly  assumed  that 
since  late  autumn  the  ladybirds  are  quiescent  rather 
than  diapausing.  The  transfer  experiment  indicates 
that  Cer.  undecimnotata  is  a long-day  insect.  The  authors 
believed  (apparently  wrongly)  that  diapause  of  Cer. 
imdecimnotata  in  Greece  is  induced  by  long  days  and 
high  temperatures,  because  of  the  above-mentioned 
30%  of  immature  females  in  cages  in  summer  in  spite 
of  a surplus  of  aphids. 


The  evidence  obtained  from  Cer  imdecimnotata  in 
France  (Iperti  & Hodek  1974,  Hodek  & Iperti  1983) 
also  shows  it  to  be  a long-day  insect  while  supporting 
the  possibility  that  lack  of  food  also  plays  some  role 
in  diapause  induction.  In  spite  of  the  important  studies 
made  in  Greece,  the  regulation  of  diapause  induction 
in  the  Held  is  not  yet  clear.  While  under  experimentally 
improved  conditions  several  generations  can  be  reared 
within  a year,  the  natural  life  cycle  seems  univoltine 
and  the  relative  role  of  the  factors  (photoperiod  and 
food)  inducing  diapause  outdoors  is  not  clear  (see  later 
for  Czech  populations). 

Similarly  to  Hip.  convergens  (Hagen  1962;  Michaud 
& Qureshi  2005,  2006)  Cer  imdecimnotata  shows  indi- 
cations of  a nutritional  induction  of  diapause. 
When  the  young  adults  of  Cer  undecimnotata  were 
reared  at  20°C  for  only  2 days  on  Myzus  persicae  and 
then  for  5 days  on  a 1:1  mixture  of  honey  and  agar, 
they  completed  the  regression  of  ovaries  and  accumu- 
lated large  reserves  in  the  fat  body  (Iperti  & Hodek 
1974).  The  survival  of  these  adults,  induced  to  dia- 
pause by  alternative  food,  was  quite  long  at  5-8°C  (the 
average,  the  median  and  the  maximum  longevity  were 
respectively  124,  136  and  198  days).  The  other  11 
combinations  of  aphid  and  carbohydrate  food  yielded 
similar  results.  Diapausing  adults  collected  in  the 
hibernation  sites  in  December  lived  about  twice  as  long 
at  5-8°C,  with  median  values  between  230  and  260 
days  (Iperti  & Hodek  1974).  Although  these  results 
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Table  6.8  Effect  of  the  physiological  condition  of  the  host  plant  of  aphids  (Aphis  fahne),  used  as  food  for  larvae  of 
Cemtornegilla  undecimnotata,  on  the  incidence  of  diapause  in  the  adult  coccinellids  (Rolley  et  al.  1974). 

Incidence 
of  repro- 
ducing 


Host-plants  of  females*  Frequency  of  quantity  of  fat  reserves  (%) 


prey-aphids  fed  to 
larvae 

n 

% 

n 

no  or  low 

medium 

high 

Sex 

Young,  reared  in  the  lab 

— 

— 

21 

75.5 

10 

14.5 

females 

21 

95 

24 

33.5 

37.5 

29 

males 

Senescent,  collected  in 

— 

— 

27 

11 

0 

89 

females 

the  field 

27 

44 

17 

6 

6 

88 

males 

The  coccinellid  adults  (emerged  from  pupae  in  mid-July)  were  fed  with  aphids  reared  on  young  plants  from  the  labora- 
tory. Both  larvae  and  adults  were  reared  in  screened  outdoor  cages.  The  mean  of  daily  minimum  temperatures  was 
14°C  and  of  maximum  temperatures  28°C,  whilst  the  absolute  extremes  were  10  and  31  °C. 

‘Females  with  vitellinized  oocytes  or  eggs. 


might  indicate  that  there  are  nutritional  components 
in  diapause  induction  in  Cei:  undecimnotata,  the  adults 
have  been  observed  to  migrate  to  dormancy  sites  when 
aphids  are  still  abundant  in  the  valleys  where  they 
breed  (G.  Iperti,  unpublished).  Thus  the  situation 
appears  different  from  that  reported  by  Hagen  (1962) 
for  Hip.  convergens. 

Also  the  physiological  age  of  the  host  plant  of 
aphids  plays  an  important  role.  This  was  tested  by 
rearing  Cer.  undecimnotata  larvae  on  two  food  regimes: 
aphids  from  young  versus  old  bean  plants.  The  inci- 
dence of  diapause  was  increased  by  feeding  larvae  on 
aphids  from  old  plants  (Rolley  et  al.  1974:  Table 
6.8).  All  adults  reared  as  larvae  in  the  two  food  regimes 
were  fed  after  emergence  from  pupae  with  aphids 
reared  on  young  plants.  Both  larvae  and  adults  were 
reared  in  screened  outdoor  cages.  The  mean  daily 
minimum  and  maximum  temperature  was  14  and 
28°C,  respectively. 

An  inhihition  of  reproduction  hy  short  daylength 

(12L:12D)  in  Cei:  undecimnotata  at  25°C  is  weaker  than 
in  some  other  coccinellids  such  as  C.  septempunctata. 
Although  the  difference  in  the  duration  of  the  pre- 
oviposition  period  between  the  two  photoperiods 
(12L:12D  versus  18L:6D)  was  great  (60  versus  8 days, 
respectively),  the  short  days  merely  delayed,  and  did 
not  prevent  reproduction,  except  10%  of  females,  and 
the  resulting  total  fecundity  was  almost  twice  as  high 
(824  eggs)  than  at  long  days  (455  eggs)  (Table  6.9:  Fig. 
6.5).  Also  the  oviposition  rate  was  substantially  higher 


Days 


Figure  6.5  Reproduction  in  Ceratomegilia  undecimnotata  at 
25°C,  12L:12D  (solid  circles)  and  18L:6D  (open  circles) 
(from  Hodek  & Iperti  1983).  (a)  Duration  of  pre-oviposition 
period:  (b)  Oviposition  rate,  oviposition  by  individuals 
aligned  for  a uniform  start  in  both  photoperiods. 
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Table  6.9  Comparison  of  reproductive  activity  of  Ceratomegilla  umkdmnotata  reared  at  25  ± 1°C  and  12L:12D  or  18L:6D 
(Hodek  & Iperti  1983). 


Photophase 

n 

Duration  (days) 

pre-oviposition  oviposition  post-oviposition 

Fecundity  (eggs/female) 

12L 

25 

aver. 

60.3 

38.5 

2.7 

823.6 

med. 

61 

39 

3 

789 

range 

5-121 

7-78 

1-9 

35-2277 

18L 

30 

aver. 

7.7 

25.5 

2.9 

454.4 

med. 

7.5 

23 

3 

414 

range 

4-14 

4-71 

1-7 

65-1284 

at  a short  daylength  (Hodek  & Iperti  1983).  It  can  be 
speculated  that,  in  this  mostly  univoltine  population, 
the  precocious  photoperiodic  activation  by  long 
daylengths  (i.e.  by  tachytelic  processes)  was  not  ade- 
quate for  the  ‘normal  course  of  events’,  which  involve 
the  horotelic  termination  of  diapause  under  short 
daylength  (for  definitions  see  6.1.2).  It  is  still  too  early 
to  distinguish  definitively  the  relative  importance  of 
individual  factors  (food,  photoperiod,  temperature  and 
others)  in  diapause  induction  in  Cer.  undecimnotata,  but 
it  seems  that  photoperiod  is  a major  cue  also  in  this 
species. 

In  Cer.  undecimnotata  the  photoperiodic  response  is 
lost  during  diapause  development,  so  that  after  dia- 
pause, in  spring,  adults  reproduce  without  respect  to 
daylength  (Hodek  & Ruzicka  1979).  The  development 
of  diapause  (monitored  by  the  decrease  in  the  duration 
of  pre-oviposition)  follows  the  same  course  in  south- 
eastern France  and  in  central  Europe  (Iperti  & Hodek 
1974).  In  early  diapause  (before  mid- August)  the 
French  samples  had  two  patterns  of  pre-oviposition 
duration.  The  long  durations  were  around  25  days. 
The  other  pattern  in  summer  was  short  pre-oviposition 
periods  (around  10  days  - the  duration  normally  found 
in  December-January),  apparently  occurring  in  the 
females  which  had  just  arrived  in  the  hibernation  sites; 
their  diapause  was  not  yet  fixed.  This  phenomenon  of 
diapause  fixation  (6.1.3)  has  already  been  reported 
from  several  other  insect  species  (Hodek  1983;  Banks 
1987).  Adult  diapause  of  Cer  undecimnotata  females 
could  be  prematurely  but  efficiently  terminated  (and 
oviposition  started)  in  September  by  application  of  6 of 
1 8 juvenoids  (artificial  analogues  of  juvenile  hormone) 
tested  (Hodek  1973;  6.1.4). 


6.2.9  Harmonia  axyridis 

Telenga  and  Bogunova  (1936)  reported  from  East 
Siberia  that  only  those  adults  of  Har  axyridis  which 
emerge  from  the  pupa  before  mid- August  can  oviposit 
in  the  same  season.  Ulyanova  (1956)  confirmed  the 
multivoltine  character  of  this  coccinellid  after  it 
was  imported  to  the  warm  climate  of  central  Asia 
(Tashkent,  Uzbekistan),  where  the  beetles  terminated 
hibernation  in  mid-February.  When  the  first  genera- 
tion then  emerged  from  pupae  in  April  and  the  second 
in  June,  the  females  were  reproductive.  In  the  next  two 
generations  that  emerged  in  July  and  August,  most 
females  were  diapausing.  In  neither  of  these  two  papers 
were  the  diapause  inducing  factors  discussed. 

In  central  Japan  Har  axyridis  has  a bivoltine 
cycle  interrupted  twice,  by  aestivation  and  hiberna- 
tion. In  contrast  to  C.  s.  brucki,  which  has  a similar 
life  cycle  in  that  region,  but  is  a short-day  insect  aesti- 
vating in  diapause  (6.2.2. 1),  a study  suggests  that 
Har.  axyridis  hibernates  in  diapause  while  its  aes- 
tivation may  be  a mere  quiescence  (Sakurai  et 
al.l988).  This  assumption  of  direct  inhibition  by  high 
temperature  is  supported  by  observation  of  mating  and 
oviposition  in  August.  In  adults  of  the  second  genera- 
tion, appearing  in  mid-October,  the  ovaries  remained 
undeveloped  and  the  corpora  allata  small,  and  thus  no 
vitellogenins  were  found  by  electrophoresis  in  the 
haemolymph  of  females.  Mating  and  oviposition  were 
not  observed  before  April.  Low  temperature  (18°C)  and 
short  daylength  (10L;14D)  was  reported  to  stimulate 
the  respiration  rate,  which  was  suppressed  by  contrast- 
ing conditions  (25°C,  I6L;8D).  These  data  would  not 
support  the  above  assumption  that  the  aestivation  is  a 
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Table  6.10  Results  of  dissections  (%  of  females)  of  Harmonia  axyridis  collected  at  hibernation  sites.  F.  full;  E,  empty;  s,  small; 
m,  medium;  I.  large;  Im.  immature;  M.  mature;  R,  regressed;  transfer,  date  of  transfer  to  the  hibernation  site  (Iperti  & Bertand 
2001.  modified). 


Locality 

Midgut 

Fat  body 

Spermatheca 

Ovaries 

Month 

F 

E 

s 

m 

1 

E 

F 

Im 

M 

R 

Alpilles  230  m a,s,l,  n = 

1 690  transfer:  1 6 Dec. 

Dec, 

50 

50 

20 

40 

40 

50 

50 

90 

0 

10 

Jan, 

0 

100 

0 

37 

63 

50 

50 

100 

0 

0 

Febr, 

0 

100 

50 

10 

40 

100 

0 

100 

0 

0 

March 

0 

100 

40 

0 

60 

50 

50 

100 

0 

0 

April 

30 

60 

90 

10 

0 

25 

75 

100 

0 

0 

Roquebrune  280m  a.s,l 

. n = 1 500  transfer:  9 Dec. 

Dec, 

30 

70 

10 

10 

80 

90 

10 

90 

0 

10 

Jan, 

0 

100 

0 

10 

90 

70 

30 

100 

0 

0 

Febr, 

0 

100 

0 

70 

30 

100 

0 

100 

0 

0 

March 

0 

100 

10 

30 

60 

90 

10 

100 

0 

0 

April 

0 

100 

90 

10 

0 

10 

90 

70 

0 

30 

Tourniol  1180m  a,s,l,  n 

= 1 788  transfer:  1 0 Jan. 

Jan, 

25 

75 

50 

50 

0 

25 

75 

100 

0 

0 

Febr, 

0 

100 

33 

33 

34 

66 

34 

100 

0 

0 

March 

0 

100 

0 

40 

60 

50 

50 

70 

30 

0 

April 

0 

100 

0 

100 

0 

20 

80 

60 

40 

0 

May 

20 

80 

100 

0 

0 

10 

90 

40 

60 

0 

Courbons  1200  m a,s,l. 

n = 1818  transfer:  23  Dec. 

Dec, 

20 

80 

10 

20 

70 

78 

22 

100 

0 

0 

Febr, 

0 

100 

0 

30 

70 

100 

0 

100 

0 

0 

March 

0 

100 

0 

60 

40 

70 

30 

100 

0 

0 

April 

0 

100 

100 

0 

0 

40 

60 

80 

20 

0 

May 

0 

100 

90 

10 

0 

23 

77 

56 

44 

0 

mere  quiescence.  Both  the  early  studies  by  Telenga  and 
Bogunova  (1936)  and  Ulyanova  (1956)  and  the  more 
recent  studies  described  below  indicate  that  Hm: 
axyridis  is  a long-day  insect  entering  hibernation  dia- 
pause in  response  to  short  days.  Therefore  it  is  strange 
that  the  autumnal  conditions  inducing  diapause 
merely  double  the  duration  of  the  pre-oviposition 
period  (Sakurai  et  al.  1988). 

In  southeastern  France,  the  imported  population 
of  Hai:  axyridis  (probably  from  China)  hibernated  suc- 
cesfully  with  <10%  mortality  (at  some  sites  it  was  only 
around  2%)  on  five  sites  varying  in  altitude  from  40  to 
1200m.  The  beetles  were  fed  before  overwintering 
on  eggs  of  the  moth  E.  kuehniella  at  outdoor  conditions 
of  decreasing  temperature  of  <22°C  and  a photophase 
(<14  hours  40  minutes)  that  induced  diapause.  Ovaries 
did  not  mature  before  April,  but  the  spermathecae  con- 
tained sperm  in  March  in  30-50%  of  females.  A much 
higher  proportion  of  females  (75-90%)  contained 


sperm  in  their  spermathecae  later,  before  the  flight 
from  hibernation  sites  (Table  6.10).  The  intensity  of 
diapause,  indicated  by  the  pre-oviposition  period  after 
transfer  to  22°C  and  16L:8D,  gradually  decreased 
during  overwintering.  The  delay  of  oviposition  in 
March  was  only  7-8  days  (Iperti  & Bertand  2001; 
Table  6 . 1 1 ) . In  northeast  Canada  no  winter  survival 
of  Hai:  axyridis  was  observed  outside  buildings  (Labrie 
et  al.  2008)  because  they  do  not  withstand  tempera- 
tures around  -20°C  (Koch  et  al.  2004). 

Bazzocchi  et  al.  (2004)  reported  four  generations  per 
year  in  the  region  of  Bologna  (northern  Italy)  for  Har. 
axyridis  of  commercial  origin.  They  did  not  record  aes- 
tivation diapause  (reported  by  Sakurai  et  al.  1988,  for 
central  Japan)  probably  due  to  the  continuous  availa- 
bility of  aphid  prey,  the  screening  from  sunlight  and 
favourable  air  humidity  caused  by  surrounding  vegeta- 
tion, In  the  commercial  culture,  Har.  axyridis  was  fed 
on  frozen  eggs  of  the  moth  E,  kuehniella. 
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Table  6.1 1 Preoviposition  period  (days)  in  Harmonia  axyridis  females  collected  at  hibernation  sites  and  reared  at  22  ± 1°C 
and  16L:8D  on  abundance  of  eggs  of  Ephestia  kuehniella  (fperti  & Bertand  2001,  modified). 


DatesXSites 

Antibes 

Roquebrune 

Alpilles 

Courbons 

Tourniol 

November 

11  (7-19) 

— 

— 

— 

— 

December 

16  (12-20) 

— 

— 

— 

— 

January 

14  (10-24) 

12  (7-17) 

14  (11-18 

— 

— 

February 

9 (7-12) 

11  (10-13) 

12  (9-14) 

11  (8-14) 

11  (8-13) 

early  March 

— 

9 (6-10) 

12  (11-17) 

13  (12-14) 

13  (10-18) 

late  March 

7 (4-10) 

7 (6-9) 

8 (6-12) 

— 

— 

April 

— 

— 

— 

7 (4-12) 

9(7-11) 

May 

— 

— 

— 

— 

7 (5-13) 

In  experiments  executed  in  the  region  of  Ghent, 
Belgium  (Berkvens  et  al.  2008),  diapause  was  induced 
by  short  days  of  1 2L:  1 2D  at  2 3°C,  similar  to  the  experi- 
ments in  France  (Ongagna  & fperti  1994).  The  dia- 
pause lasted  1-3  months  when  the  ladybirds  were  fed 
on  Acyrthosiphon  pisum,  but  was  longer  when  frozen  E. 
kuehniella  eggs  were  the  food.  A laboratory  population 
of  commercial  origin  was  reared  for  c.  50  generations 
at  long  days  of  16L:8D;  its  response  to  diapause  induc- 
tion was  weaker  than  in  populations  founded  by  beetles 
collected  in  the  field  (Berkvens  et  al.  2008). 

6.2.10  Coccinella  leonina  (=repanda) 

The  facultative  diapause  of  C.  leonina,  a common  and 
widely  distributed  aphidophagous  coccinellid  of 
eastern  Australia,  is  reported  to  be  induced  mainly 
by  non-aphid  diet.  i.e.  pollen  and  sugar.  When  fed  with 
aphids,  almost  all  females  reproduce  at  temperatures 
of  2 0 , 2 2 , 2 8 and  3 2 °C  without  respect  to  the  photope- 
riods 10L:14D,  12L:12D  or  14L:10D.  There  is  some 
incidence  of  diapause  at  the  highest  temperature,  but 
there  is  also  a certain  tendency  to  diapause  at  the 
lowest  temperature  (Anderson  et  al.  1986).  The 
authors  conclude  that  this  result,  together  with  field 
data,  may  indicate  the  capacity  to  enter  both  summer 
and  winter  diapause.  They  characterize  the  life  cycle 
strategy  of  C.  leonina  as  opportunistic,  enabling  the  use 
of  fluctuating  food  supplies. 


6.2.11  Apolinus  (=Scymnodes)  IMdigaster 
and  llleis  (=Leptothea)  galbula 

Around  Sydney,  Australia,  the  aphidophagous  A.  livi- 
digaster  and  mycophagous  I.  galbula,  both  multivoltine. 


show  a very  plastic  reproductive  strategy  adapted 
to  the  unpredictable  conditions  there.  Apart  from 
the  periods  of  dormancy  (aestivation  and  hibernation 
in  A.  lividigaster  and  only  hibernation  in  I galbula), 
diapausiug  adults  also  occurred  coucurreutly 
with  ovipositiug  females  during  the  periods  when 
reproduction  normally  occurs  (Anderson  1981). 
In  another  paper,  Anderson  et  al.  (1986)  supposed 
that  the  diapause  of  I galbula  was  controlled  by 
photoperiod. 

6.2.12  Harmonia  sedecimnotata 

An  experimental  culture  of  this  Asian  ladybird  was 
founded  from  individuals  sampled  near  the  town  of 
Guangzou,  southeastern  China.  The  species  does  not 
show  a photoperiodically  induced  diapause.  In  repro- 
ducing 30  day  old  adults  fed  on  aphids  (M.  persicae), 
trophic  dormaucy  was  induced  by  feeding  them  on 
only  10%  sucrose  solution.  In  the  course  of  4 weeks 
the  ovaries  were  resorbed  and  only  small  germaria 
were  found  by  dissection.  The  beetles  aggregated  simi- 
larly to  diapausing  individuals.  When  feeding  with 
aphids  was  resumed,  the  females  recommenced  egg 
laying,  even  with  a very  low  ration  of  prey.  The  authors 
assumed  that  the  beetles  were  activated  by  a food 
signal  and  not  metabolically  and  thus  considered  this 
dormancy  a diapause  (Zaslavsky  et  al.  1998).  More 
probably  a quiescence  was  concerned,  as  both 
induction  and  termination  of  the  dormancy  were 
directly  produced  by  absence  or  presence  of  suitable 
food  (6.1). 

In  a culture  with  only  intermittent  presence  of 
aphid  prey,  monthly  oviposition  was  doubled  (207 
eggs,  n = 39)  compared  to  a culture  with  a continuous 
surplus  of  aphids  (107  eggs,  n = 48).  Furthermore,  the 
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longevity  of  females  was  increased  by  this  manipula- 
tion (Semyanov  & Vaghina  2003). 

Adults  in  trophic  dormancy  can  be  used  for  storage 
at  12°C  with  the  low  mortalities  (n  = 420)  of  9.6, 
25.5,  41.8  and  55.1%  in  the  first,  second,  third  and 
fourth  month  respectively.  At  25°C,  25%  of  beetles 
(n  = 1145)  died  in  the  first  month  (Semyanov  2000), 
Similar  trophic  dormancy  was  induced  in  Cer.  undecim- 
notata  (Iperti  & Hodek  1974;  6.2.8). 

6.2.13  Chilocorus  spp. 

Chilocorus  rubidiis,  a species  from  eastern  Siberia 

is  strictly  univoltine.  The  dormancy  lasts  from  late 
August/mid-September  to  late  April,  while  diapause 
(which  is  marked  by  very  low  oxygen  consumption) 
ends  as  early  as  late  December  to  early  January.  The 
rest  of  the  dormancy  is  spent  in  mere  quiescence 
during  which  oviposition  can  be  started  by  transfer- 
ring the  beetles  to  a higher  temperature.  Pantyukhov 
(1968a)  found  that  neither  low  temperature,  nor  any 
particular  photoperiod,  was  necessary  for  the  termi- 
nation of  diapause  and  that  the  passage  of  3.5-4 
months  was  sufficient  under  field  conditions  or  at  tem- 
peratures of  25,  20  or  5.8°C. 

In  contrast  to  Chil.  rubidus,  diapause  can  be  pre- 
vented in  the  majority  of  Chil.  renipustulatus 
individuals  in  both  populations  studied.  Thus  only 
12%  of  beetles  from  Maikop  (southern  Russia, 
45°N,  40°E)  entered  diapause  under  long  days, 
whereas  in  the  population  from  St.  Petersburg, 
60°N,  the  figure  was  38%.  The  critical  photoperiod 
(6.1)  is  insensitive  to  temperature  (within  the  range 
20-2  5°C)  and  is  2 hours  longer  in  the  beetles  from  St. 
Petersburg  than  in  the  Maikop  strain  (Pantyukhov 
1968b). 

Chilocorus  bipustulatus  from  St.  Petersburg 

(60°N),  a northern  population,  reproduced  when  a 
three  week  exposure  to  short  days  (9L:15D)  was  fol- 
lowed by  long  days;  they  do  not  lay  eggs  if  the  larvae, 
pupae  and  adults  are  reared  continuously  in  long  days 
(20L;4D)  (Zaslavskii  1970).  The  short  day  treatment  is 
equally  effective  when  given  to  the  larvae.  The  alterna- 
tive way  to  achieve  oviposition  is  an  exposure  to  -h7°C 
for  about  a month  followed  by  long  days.  If  the  beetles 
are  constantly  left  in  long  days,  diapause  ends  sponta- 
neously after  2-4  months.  However,  after  about  1.5-2 
months  of  egg  laying  in  continuous  long  days,  the 
beetles  gradually  cease  ovipositing  and  have  to  be  acti- 


Photophase  (hr  light/24  hr) 

Figure  6.6  Effect  of  photoperiod  on  diapause  incidence  in 
strains  of  Chilocorus  bipustulatus  (from  Zaslavskii  1970). 


vated  from  this  secondary  diapause  by  a fresh  experi- 
ence of  about  25  days  in  short  days. 

The  critical  photoperiod  for  the  beetles  from  St. 
Petersburg  is  2 hours  longer  (17L;7D)  than  for  the 
central  Asian  population  (Fig.  6.6).  It  does  not  change 
with  temperature  within  the  range  of  20-2  7°C.  The 
results  of  Zaslavskii  (1970)  are  of  extreme  importance, 
as  they  were  an  early  confirmation  that  a number  of 
alternative  pathways  can  lead  to  the  triggering  of  the 
neuroendocrine  system  regulating  oviposition. 

In  Chilocorus  bipustulatus  from  Central  Asia 
(40-41°N),  diapause  is  induced  by  a photophase 
shorter  than  1 5 hours  and  at  20°C  100%  beetles  enter 
diapause.  At  24°C,  however,  diapause  is  completely 
prevented  in  all  females  in  spite  of  the  short  day  (9  or 
11  hours).  Spontaneous  termination  of  diapause 
does  not  occur  when  the  beetles  are  maintained  at 
diapause-inducing  conditions.  An  increase  in  tempera- 
ture or  a prolongation  of  photophase  beyond  the 
above-mentioned  thresholds  terminates  diapause  very 
quickly;  oviposition  then  takes  place  within  a few  days. 
It  is  just  as  easy  to  terminate  diapause  7-10  days  after 
its  induction  as  it  is  after  3 months.  By  contrast,  trans- 
fer of  the  ovipositing  beetles  from  long  days  to  diapause- 
inducing  conditions  gradually  suppresses  oviposition, 
while  a return  to  long  days  restores  it.  Alternatively, 
after  an  exposure  to  -I-8°C  for  30-40  days,  the  beetles 
mature  even  in  short  days.  Thus,  sensitivity  to  pho- 
toperiod could  be  nullified  by  an  exposure  to  cold 
(Zaslavskii  & Bogdanova  1965). 
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Table  6.12  Effect  of  photoperiod  and  temperature  on  oviposition  ui  Chilocorus  bipustuIaUis  in  Israel  (Tadmor  & Applebaum 
1971). 
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*8°C  during  scotophase,  20°C  during  photophase. 


The  populations  of  Chilocorus  bipustulatus  in 
Israel  (32-3 3° N),  in  the  eastern  Mediterranean  area, 
differ  from  those  of  central  Asia  in  their  diapause 
threshold  both  for  photoperiod  and  temperature 
(Tadmor  & Applebaum  1971).  A photophase  of  14 
hours  prevents  diapause,  whereas  a shorter  pho- 
tophase (10  hours)  tends  to  induce  it  (Table  6.12). 
Thus,  consistent  with  the  findings  of  Danilevskii 
(1965),  the  critical  photoperiod  is  about  2 hours 
shorter  in  populations  from  Israel  than  from  central 
Asia.  The  effect  of  the  short  photophase  is  modified  by 
temperature:  at  22°C  it  is  completely  nullified  so  that 
all  females  lay  eggs.  A cumulative  sensitivity  to  dia- 
pause induction  is  exhibited  both  in  the  pre-imaginal 
stages  and  in  the  adults. 

There  is  contradiction  between  earlier  and  later 
reports  from  the  field  conditions  about  the  summer 
occurrence  and  biocontrol  efficiency  of  Chil.  hipustula- 
tus  in  Israel.  Early  reports  concluded  that  Chil.  Inpustu- 
latus  was  common  in  spring  and  extremely  scarce  in 
summer,  and  was  therefore  an  inefficient  predator  of 
scale  insects  (Hecht  1936:  Bodenheimer  1957).  The 
high  mortality  in  summer  was  supposed  to  have  been 
caused  by  a dry  hot  wind  from  the  desert.  Later  find- 
ings show,  however,  that  Chil.  bipustulatus  is  rather 
abundant  in  the  summer  (the  population  may  even 
peak  in  early  summer)  and  plays  an  important  role  in 
retarding  the  build-up  of  scales  in  this  period  (Nadel  & 
Biron  1964:  Avidov  & Rosen  1965:  Rosen  & Gerson 
1965:  Kehat  1968:  Ben-Dov  & Rosen  1969).  This  has 
led  to  speculation  (Hodek  1967)  that  the  difference 
between  the  earlier  and  later  reports  has  perhaps 
resulted  from  the  improved  environmental  conditions 
due  to  irrigation,  as  the  same  difference  also  exists 
between  older  (Bodenheimer  1957)  and  more  recent 


reports  (Plaut  1965)  on  the  abundance  of  Stethorus 
pusillus.  In  citrus  groves,  M.  Kehat,  S.  Greenberg  and 
D.  Gordon  (unpublished)  found  there  is  a considerable 
decline  in  numbers  of  Chil.  bipustulatus  females  with 
well-developed  ovaries  during  July,  and  also  from 
October  to  December.  When  the  non-reproductive 
females  were  transferred  to  the  laboratory  (28°C)  and 
provided  with  coccids,  their  ovaries  matured  in  both 
these  seasons.  The  failure  to  induce  diapause  at  16 
combinations  of  light  conditions  was  apparently  due  to 
a high  temperature  of  28°C  (Tadmor  & Applebaum 
1971).  An  even  higher  temperature  (35°C)  addition- 
ally decreases  oviposition  and  survival. 

In  the  central  Asian  populations  of  Chilocorus 
geminus  (Tashkent,  Uzbekistan,  40-4 1°N),  induction 
and  termination  of  diapause  is  very  similar  to  that  in 
Chil.  bipustulatus.  The  only  difference  is  a higher  tem- 
perature threshold:  as  much  as  26°C  is  needed  to 
prevent  diapause  in  short  days  (Zaslavskii  & Bogdanova 
1965). 


6.2.14  Stethorus  punctum  picipes 
and  5.  japonicus 

The  South  Californian  populations  of  S.  p.  picipes, 
a predator  on  spider  mites,  have  a weak  facultative  dia- 
pause which  can  be  quickly  terminated  by  an  increase 
in  temperature  and/or  photoperiod,  and  induced  again 
by  the  reverse  changes  (McMurtry  et  al.  1974);  it  may 
be  a mere  quiescence.  Long  days  (16L:8D)  at  21-22°C 
stimulated  almost  all  females  to  oviposit,  but  about 
half  the  females  also  oviposited  in  short  days  ( 1 OL:  1 4D) . 
An  increase  in  temperature  by  about  5 to  26.7°C 
enabled  oviposition  by  almost  all  females.  In  the  mild 
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conditions  near  the  ocean  the  females  also  reproduce 
in  winter,  when  they  can  find  prey.  All  developmental 
stages  were  found  in  mid-winter  on  mite-infested 
plants,  but  on  mite-free  oaks  the  females  had  small  or 
shrivelled  ovarioles  (19  of  21  females). 

In  the  Ibaraki  region  (central  Japan),  diapause  of 
Stethorus  japonicus  is  induced  at  18°C  under  pho- 
toperiods <13L:11D,  but  at  14L:10D  and  16L:8D  it  is 
prevented  in  60%  of  females.  Active  adults  appear  on 
trees  from  June,  and  the  photoperiod  13L:11D  occurs 
in  the  region  in  mid-  to  late  September.  Thus  the  5-7 
generations  per  year,  estimated  by  Mori  et  al.  (2005), 
appears  unrealistically  high. 

6.2.15  Scymnus  (Neopullus)  sinuanodulus 

The  first  generation  (the  offspring  of  the  diapausing 
one)  of  this  predator  on  adelgids  does  not  oviposit 
until  the  following  spring  (Lu  & Montgomery  2001). 
Although  the  authors  deny  the  existence  of  diapause, 
it  evidently  is  entered.  Oviposition  is  achieved  in 
autumn  after  an  exposure  to  low  temperature  ( 5-10°C) 
for  1.5  months. 


6.2.16  Ecophysiological  regulation  of 
diapause  in  coccinellids 

The  life  history  of  coccinellids  depends  on  regional  cli- 
matic conditions  (Hagen  1962;  Fig.  6.7).  It  is  not  easy 
to  ‘distil’  a general  view  on  the  regulation  of  diapause 
and  voltinism  from  the  very  diverse  evidence  presented 
in  this  chapter.  The  evidence  is  very  varied  and  defies 
meaningful  generalizations  for  several  reasons,  (i)  The 
reported  evidence  still  provides  just  a small  proportion 
of  knowledge  that  would  be  needed;  even  for  the  fre- 
quently studied  species  the  analysis  is  incomplete. 
Unfortunately,  research  activity  in  this  field  has 
received  little  attention  in  the  last  10-15  years,  par- 
ticularly when  compared  with  other  areas  of  coccinel- 
lid  study,  (ii)  It  is  difficult  to  make  comparisons  between 
species,  because  the  direction  of  research  has  varied 
arbitrarily,  as  biased  by  conditions  and  the  different 
inclinations  of  the  researchers.  Thus,  for  example,  we 
lack  detailed  studies  on  the  effect  of  photoperiod  on 
Hip.  convergens,  while  for  both  subspecies  of  C.  septem- 
pimctata  such  studies  are  available.  The  varied  experi- 
mental approach  is  probably  the  reason  why  particular 


regulatory  environmental  factors  have  become 
attached  to  individual  species.  Complex  relationships 
cannot  be  well  understood,  when  the  results  of  studies 
are  biased  by  individual  experimental  plans. 

(iii)  Diversity  of  responses  is  inherent  to  diapause 
because  of  its  adaptive  role  (6.1);  thus  diapause 
mechanisms  inevitably  resist  an  easy  generalisation. 

(iv)  In  the  case  of  aphidophagous  coccinellids,  the 
selection  pressure  of  the  unpredictable  intermit- 
tent availability  of  aphid  prey  naturally  leads  to  a 
certain  convergence,  in  the  direction  to  a greater 
plasticity  of  diapause  mechanisms  within  this 
guild.  Plastic  responses  to  anthropogenic  environ- 
mental changes  have  been  observed  both  in  the  field 
(irrigation  for  Hip.  convergens  in  California  or  in  the 
coccidophagous  Chil.  bipustulatiis  in  Israel  as  well)  and 
in  experiments  (surplus  of  aphid  prey,  and  perhaps  the 
shading  of  outdoor  cages  for  Cer.  undecimnotata  in 
Greece). 

Despite  the  above  constraints,  some  species  have 
been  shown  to  respond  to  a complex  of  environ- 
mental cues,  though  these  factors  may  be  differen- 
tially operational  in  different  environmental  situations 
or  life-cycle  phases.  Thus,  for  example,  Cer.  undecimno- 
tata responds  to  at  least  both  the  photoperiod  and 
food.  We  may  assume  that,  superimposed  on  the  basic 
pbotoperiodic  response  (based  on  the  annual  astro- 
nomically precise  repetition  of  daylength),  are  the  less 
rigid  reactions  to  less  predictable  environmental 
changes  in  food  availability  and  quality,  and  other 
factors  such  as  temperature,  humidity  and  population 
density.  The  archetypal  primary  nutritive  factor 
seems  to  be  ‘prepared  to  enter  the  game’  under  unpre- 
dicted events  of  prey  abundance  - thanks  to  pheno- 
typic plasticity. 

We  might  envisage  a scenario  which  combines 
plasticity  witb  resilience.  One  aspect  of  the  life- 
cycle  strategies  is  the  ‘safety’  (‘insurance’)  factor,  the 
univoltine  trait,  permanently  perpetuated  in  the  gene 
pool  and  maintained  (i.e.  not  selected  out)  in  spite  of 
any  momentary  favourable  conditions  that  are  unreli- 
able in  the  long  run.  However,  the  polygenes  ‘watch’ 
for  changes  in  the  environment.  If  there  is  a promising 
improvement  they  ‘open  the  gate’  for  multivoltine 
development,  more  or  less  appropriate  to  the  kind  of 
improvement.  The  system  appears  resilient  by  main- 
taining the  univoltine  trait  quite  intensively. 

This  scenario  is  adequate  for  C.  septempunctata  and 
species  or  populations  with  a similar  life  history  living 
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Figure  6.7  Types  of  voltinism  among  coccinellids  in  the  northern  hemisphere  (from  Hagen  1962). 


in  temperate  regions/climate.  In  coccinellids  with  dif- 
ferent prey  or  from  different  climatic  areas,  the  regula- 
tion of  voltinism  can  differ,  as  e.g.  in  tropical  areas  or 
in  coccidophaga. 


6.3  BEHAVIOUR  PATTERNS  RELATED 
TO  DIAPAUSE 

Coccinellids  induced  to  diapause  change  their  behav- 
iour. Some  species  make  lengthy  migratory  flights 
and  form  large  aggregations  in  a dormant  state,  in 
which  they  may  remain  for  9 months.  This  behaviour 
is  most  pronounced  in  Hip.  convergens  (6. 3.2. 7),  Cer. 
imdecimnotata  (6. 3. 2.1)  and  Hai:  axyridis  (6. 3.2.2).  In 
general,  these  adaptations  of  migration  and  aggrega- 
tion have  developed  most  often  in  aphidophagous 
coccinellids  of  the  tribes  Coccinellini.  Hippodamiini 
and  Anisostictini.  Ample  descriptive  literature  exists  on 
such  behaviour  of  coccinellids,  while  studies  on  causal 
relationships  are  rarer. 


What  is  required  is  a series  of  comparative  ex- 
perimental studies  on  migration  and  aggregation 
behaviour  both  in  the  laboratory  and  field.  Because 
dormancy  behaviour  is  not  the  same  in  different  species 
of  coccinellids.  there  is  a danger  of  misleading  gener- 
alizations based  on  only  a few  well-documented  cases. 
Therefore  specific  variations  in  individual  species  will 
be  discussed  after  a general  description  of  the  typical 
behavioural  phases. 

6.3.1  Phases  of  dormancy  behaviour 

6. 3. 1.1  Pre-diapause 

Most  coccinellid  adults  accumulate  energy  reserves  for 
hibernation  (6. 4. 1.1,  6.4.2)  before  migrating  to  hiber- 
nation sites  (e.g.  C.  septempunctata,  6. 3. 2. 3),  while 
others  continue  to  feed  after  the  main  phase  of  migra- 
tion (e.g.  Hip.  convergens,  6.3.2. 7). 

In  C.  septempunctata,  diapause  is  determined  in  late 
larval  and  early  imaginal  life  (6.2.1).  The  adults  in 


302  I.  Hodek 


which  the  ‘points’  have  been  set  in  the  direction  of 
diapause  feed  voraciously  and  the  ingested  food  is  used 
for  building  up  large  metabolic  reserves  in  the  fat 
body.  These  reserves  are  mainly  fat  and  glycogen,  and 
serve  as  a source  of  energy  during  the  long  time 
without  food  that  follows  (6. 3. 2.1,  6. 3. 2. 3).  It  can  be 
assumed  that  it  is  this  accumulation  of  sufficient 
reserves  that  represents  the  stimulus  for  the  beginning 
of  diapause. 

In  Hip.  convergens  it  is  presumed  that  diapause  is 
induced  mainly  by  an  absence  of  aphid  food  (Hagen 
1962:  6.2.7).  When  aphids  are  lacking,  the  coccinel- 
lids  feed  on  alternative  plant  food  (nectar  of  flowers 
or  pollen;  Chapter  5.2.9)  and  accumulate  reserves 
from  this  food.  They  migrate  into  the  mountain  forests, 
without  having  built  up  any  great  amount  of  fat.  There 
they  feed  further,  deposit  sufficient  fat  for  aestivo- 
hibernation  and  move  to  the  final  overwintering  sites 
(Hagen  1962). 

The  assumption  that  Cer.  imdecimnotata  adults  do  not 
feed  before  dormancy  and  manage  with  the  reserves 
accumulated  by  the  larva  (Yakhontov  1962)  has  sub- 
sequently been  rejected  (6.2.8). 

6.3. 1.2  Migration 

There  is  some  controversy  regarding  the  use  of  the 
term  ‘migration’.  Hagen  (1962)  argues  that  only  the 
flight  toward  aggregational  sites  can  be  considered  as 
migration  since  it  is  directional  and  under  partial 
control  of  the  beetle.  The  disbanding  of  aggregations 
is  a simple  dispersal  flight,  as  it  is  not  directional. 
According  to  Johnson’s  (1969)  concept,  both  flights 
are  migration,  as  the  direction  of  both  displacements 
is  greatly  affected  by  wind  and  only  at  the  concluding 
phase  of  migration  to  dormancy  sites  do  the  beetles 
control  their  direction  in  relation  to  visual  or  other 
cues.  Although  this  disagreement  seems  only  seman- 
tic, it  actually  goes  to  the  heart  of  the  problem:  do 
coccinellids  fly  to  hibernation  sites  by  a directional 
flight,  or  are  they  brought  there  passively  by  wind  cur- 
rents.^ There  is  some  circumstantial  evidence  for  both 
viewpoints. 

The  aggregations  for  dormancy  are  often  formed 
at  prominent  features  of  the  landscape.  For  those 
coccinellids  that  make  lengthy  migratory  flights  (e.g. 
Cei:  undecimnotata  or  Har.  axyridis),  these  features  may 
be  summits  of  hills,  large  rocks  or  high  buildings.  They 
may,  however,  also  be  a forest  edge,  a terrain  wave, 
a shrub,  a tree,  or  a post  in  a flat  landscape  for 


coccinellids  that  aggregate  within  the  breeding  area 
but  usually  in  a different  habitat  or  microhabitat  (e.g. 
C.  septempiinctata).  These  sites  are  the  same  year 
after  year  if  the  relief  remains  the  same  or  change  if 
the  relief  is  changed.  The  creation  or  removal  of  trian- 
gulation posts,  fences  and  huts  provides  unintentional 
experiments  which  show  that  the  aggregation  sites  of 
Ce>:  undecimnotata  can  change  (Hodek  1996). 

It  seems  improbable  that  coccinellids  would  always 
be  transported  passively  to  the  same  places,  or  that 
wind  currents  would  be  so  drastically  changed,  for 
example  by  the  erection  of  a post  of  1 5 cm  or  less  in 
diameter,  that  the  coccinellids  are  carried  elsewhere. 
Also  direct  observations  of  beetles  landing  on  the  top 
of  a hill  (in  Rana,  northern  Bohemia)  showed  that  Cer 
imdecimnotata  landed  actively,  e.g.  on  a shifting  person 
who  at  that  moment  was  the  most  prominent  object 
(Hodek  1996).  Any  air  currents  existing  were  too  weak 
to  be  noticed  by  the  observer.  Some  authors  have  even 
observed  that  coccinellid  adults  move  against  the  pre- 
vailing wind,  but  in  the  direction  of  mountain  peaks 
(Mani  1962). 

Obata  (1986)  observed  that  Har.  axyridis  approach- 
ing the  hibernation  site  changed  direction  in  flight; 
she  regarded  their  landing  as  an  active  response 
(6. 3.2.2).  Therefore  an  analogy  has  been  sought 
between  the  aggregation  of  coccinellids  at  prominent 
objects  and  the  habit  of  flying  around  hill  tops  shown 
by  ants  and  other  insects  (Alcock  1987)  or  the  flight  to 
feeding  sites  on  trees  by  Melolontha.  Such  hypsotactic 
orientation  has  also  been  widely  accepted  in  lady- 
birds (Hodek  1960;  Hagen  1962;  Nalepa  et  al.  2000, 
2005). 

Coccinellids  have  also  been  observed  to  make  use 
of  air-currents,  especially  in  mountain  valleys. 
Savoiskaya  (1966)  reported  that,  in  the  Zailiiskii 
Alatau  mountains  of  Kazakhstan,  the  coccinellids  fly 
up  the  valleys  to  their  hibernation  places  with  the  help 
of  a steady  breeze  blowing  up  in  the  daytime.  Also  Hip. 
convergens  seems  to  be  transported  to  the  mountains 
and  back  to  the  valley  by  air  currents  (Hagen  1962, 
1966:  Fig.  6.8). 

Individual  species  differ  in  migration  behaviour. 
Hagen  (1962)  considered  Col.  maculata  a ‘clima- 
totactic’  aggregator.  In  many  species  behavioural 
responses  of  both  types  most  probably  apply  (Hodek 
1967),  but  one  type  may  dominate.  Johnson  (1969) 
judges  that  orientation  of  a migrant  for  some  perceived 
but  far-distant  hibernation  site  is  not  a tenable  concept, 
but  a 1.5  km  distant  mountain  was  experimentally 
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Figure  6.8  Suspected  temperature-controlled  flight  oscillations  which  Hippodamia  convergens  undergoes  in  its  migratory 
flights  (from  Hagen  1962). 


established  to  be  a visual  cue  for  migrating  Cer.  undec- 
imnotata  (Iperti  & Buscarlet  1972,  1986).  In  the 
long  distance  migrations  which  Hagen  (1962,  1966) 
hypothesized  for  Hip.  convergens  (6, 3. 2. 7;  Fig.  6.8)  it  is 
only  towards  the  end  of  these  long  migrations  that  the 
hypsotactic  response  may  be  shown  and  that  a visually 
oriented  directional  flight  can  guide  the  coccinellids  to 
a prominent  feature.  Hypsotaxis  may  also  apply  to  dor- 
mancy aggregations  of  Hip.  convergens  on  mountain 
tops  (e.g.  Stewart  et  al.  1967,  6,3.2. 7), 

6. 3. 1.3  Flight  and  methods  for  its  study 

The  tendency  to  migratory  flight  has  been  studied 
and  quantified  in  several  ways.  Solbreck  (1974)  and 
Rankin  and  Rankin  (1980)  used  the  method  of  teth- 
ered flight,  respectively  for  Col.  maculata  and  Hip.  con- 
vergens, although  details  were  not  identical  (see  below). 
Rankin  and  Rankin  (1980)  used  a low  speed  fan  to 
stimulate  the  coccinellids  to  fly.  The  recorded  absolute 
values  for  the  flight  durations  are  thus  different.  While 
in  Hip.  convergens  flights  >30  minutes  were  considered 
to  be  migratory  (6. 3. 2. 7),  less  than  10%  of  Col.  macu- 
lata adults  flew  >10  minutes  and  this  only  occurred 


during  the  most  suitable  period  in  mid-May,  and  only 
aproximately  20%  flew  for  about  1 minute. 

The  changes  in  flight  behaviour  in  the  second  phase 
of  dormancy  (December-May)  were  studied  by  Sol- 
breck (1974)  in  Col.  maculata,  also  using  the  tethered 
flight  technique  but  without  additional  stimuli  other 
than  loss  of  tarsal  contact.  A 30  second  duration  of 
flight  was  used  as  the  best  criterion  for  comparing 
flight  tendency  of  beetles  sampled  at  different  dates  or 
exposed  to  various  temperatures  and  photoperiods 
before  the  flight  tests.  An  important  ‘maturation'  of 
flight  behaviour,  i.e.  an  increase  in  the  percentage  of 
individuals  flying  for  30  seconds  or  more,  was  found 
between  mid-April  and  mid-May,  i.e.  in  the  season  of 
dispersal  from  hibernation  sites.  An  increase  in  tem- 
perature strongly  increased  the  rate  of  the  flight  matu- 
ration process  above  a threshold  somewhere  between 
15  and  19°C.  Short  photoperiods  significantly  delayed 
the  process  in  December,  but  not  in  late  March  or  even 
later.  Diapause  development  was  evidently  not  yet 
completed  in  December. 

The  much  poorer  flight  performance  of  beetles  of 
post-diapause  Hip.  convergens  parasitized  by  the  bra- 
conid  Dinocampus  coccinellae  (Chapter  8. 3. 2.1)  was 
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recorded  with  tethered  beetles  in  a recording  flight 
mill  (Ruzicka  1984,  Ruzicka  & Hagen  1985,  1986), 
The  durations  recorded  for  non-parasitized  adults,  col- 
lected before  dispersal  from  hibernation  sites,  corre- 
sponded with  Rankin  and  Rankin's  (1980)  data  for 
migratory  flight,  i,e,  45-50  minutes.  The  speed  of 
flight  recorded  on  the  mill  averaged  60-70m/minute 
(Ruzicka  1984), 

Another  method  for  quantifying  flight  behaviour  is 
to  record  the  incidence  of  spontaneous  take-offs. 
This  approach  was  used  with  Myrrha  octodecimguttata 
(Pulliainen  1964)  and  C,  septempunctata  (Zaslavsky  & 
Semyanov  1983,  Okuda  et  al,  1986,  Okuda  & Hodek 
1989.  Honek  1990,  Nedved  et  al,  2001),  This  method 
is  only  qualitative,  it  simply  divides  the  sample  into 
‘fliers’  and  ‘non-fliers’,  but  does  not  measure  the  dura- 
tion of  the  flight.  Thus  we  cannot  estimate  whether  the 
flight  is  migratory  or  just  trivial.  Recording  take-off  is 
suitable  for  comparing  samples  from  different  habitats, 
of  different  ages  or  phases  of  the  life  cycle.  The  experi- 
mental conditions  must  of  course  be  identical.  The 
importance  of  such  conditions  is  shown  by  two  studies 
on  C.  septempunctata.  Very  high  take-off  frequencies 
were  recorded  for  C.  septempunctata  by  Honek  (1990) 
when  at  30°C  the  beetles  were  stimulated  to  fly  by  a 
mild  air-current  applied  for  10  seconds,  at  the  start  and 
in  the  middle  of  a 3 minute  test  period.  Under  such 
circumstances,  60%  take-offs  were  recorded  in  Decem- 
ber in  the  sample  from  the  hibernation  site.  When  the 
beetles  of  the  same  species  and  region  were  left  to  take- 
off spontaneously,  without  any  stimulation,  at  25°C 
and  less  intense  illumination  (Okuda  & Hodek  1983, 
Okuda  et  al.  1986,  Okuda  & Hodek  1989),  take-off 
frequencies  were  much  lower  and  more  appropriate  for 
the  relevant  phases  of  the  life  cycle.  Thus  from  late  July 
to  mid-August,  after  arrival  at  their  hibernation  sites, 
only  10-20%  took  off  In  spring,  before  the  dispersal 
from  hibernation  sites,  the  incidence  of  take-off  ranged 
from  30-70%,  while  after  dispersal  to  the  fields  it  was 
20-50%. 

Another  interesting  method  for  monitoring  the  ten- 
dency to  migratory  flight  (Khrolinsky  1964)  was  used 
with  C.  septempunctata  (Semyanov  1978a,  Zaslavsky  & 
Semyanov  1983, 1986).  Within  20  minutes  of  a short 
narcosis  with  ether,  the  beetles  show  their  urge  to  fly 
by  opening  their  elytra  and  spreading  their  wings. 
In  outdoor  beetles  this  response  coincided  well  with 
the  periods  of  migration  from  and  to  hibernation 
sites.  A certain  doubt  about  the  reliability  of  the 
‘wing  spreading  response’  as  a criterion  of  migratory 


flight  might  arise  from  its  occurrence  in  all  young 
beetles,  irrespective  of  diapause-inducing  or  prevent- 
ing photoperiods. 

The  discovery  of  regeneration  of  flight  muscles 

in  C.  septempunctata  (Okuda  et  al.  1986,  Okuda  & 
Hodek  1989;  6. 3.2. 3,  6.4. 1.4;  Fig.  6.12)  in  October  in 
the  hibernation  site  (seven  months  before  dispersal 
from  there)  conflicts  with  the  general  assumption 
that  ladybirds  do  not  prepare  for  dispersal  until  as  late 
as  when  they  end  dormancy  in  spring  under  the  influ- 
ence of  increasing  temperatures.  Later  more  detailed 
2-year  studies  on  dormant  beetles  of  the  Czech  C.  sep- 
tempunctata population  confirmed  the  unexpected 
increases  in  respiration  in  the  2 years:  rising  from 
about  450  to  750pl/g/h  O2  from  late  August  to 
mid-September  1994  and  from  750  to  1050pl/g/h  O2 
from  mid-September  to  10  October  1995.  In  1995  it 
was  also  found  that  the  volume  of  flight  muscles 
gradually  increased  from  1.8  pi  in  early  September 
to  2.15  pi  on  23  October  (the  last  record)  (Nedved 
et  al.  2001).  Thus  changes  in  both  the  volume  of 
flight  muscles  and  the  respiration  rate  indicate  a very 
early  tendency  to  re-activation,  about  two  months 
before  diapause  is  completed  in  mid-winter  (Hodek  & 
Ruzicka  1979).  Such  an  apparently  non-adaptive 
event  remains  an  enigma  as  the  greater  muscles  could 
consume  more  reserves  during  any  later  periods  of 
temporary  increase  in  temperature.  We  might  hypoth- 
esize that  the  unexpected  findings  on  respiration  and 
flight  muscles  (Okuda  et  al.  1986,  Okuda  & Hodek 
1989,  Nedved  et  al.  2001)  are  related  to  the  bivoltine 
cycles  of  some  Mediterranean  populations  with  sepa- 
rated hibernation  and  aestivation  periods  (6. 2. 1.4). 
After  a hot  and  dry  summer  a regrowth  of  vegetation 
and  aphid  populations,  thanks  to  higher  humidity,  may 
enable  reproduction.  However,  no  detailed  study 
reports  such  an  intercalated  reproductive  period  in  the 
field.  There  are  just  indications  of  such  a possibility 
from  the  coastal  plain  of  Israel  (Bodenheimer  1943) 
and  from  one  locality  on  the  French  Riviera  (Iperti 
1966a). 

Iperti  (1986)  studied  the  migration  flight,  particu- 
larly the  take-off,  in  a complex  manner  by  relating  the 
migration  behaviour  to  measured  temperature  and 
wind  speed  and  by  marking  the  insects.  The  effect  of 
environmental  conditions  on  take-off  can  only  be 
understood  if  the  individual  factors  are  considered  as 
a complex  by  the  use  of  Richardson’s  index  of  air- 
turbulence  (Iperti  1986),  which  indicates  the  relation 
between  the  relative  influence  of  the  mechanical  and 
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thermal  energy  of  air.  Temperature  and  wind  speed 

were  recorded  at  the  same  two  heights,  0.25  m and 
1.25  m,  in  a study  of  Cer.  undecimnotata  (Iperti  et  al. 
1983,  1988,  Iperti  1986).  A decrease  in  Richardson’s 
index  was  positively  correlated  with  a decrease  in  the 
incidence  of  females  taking-off  for  a migratory  flight. 
Marking  with  iridium  (the  stable  isotope  191),  an 
element  normally  absent  from  the  body  of  coccinellids, 
made  it  possible  to  show  that  the  released  Cer.  undecim- 
notata adults  directed  their  flight  from  a place  on  the 
plain  { at  3 9 5 m)  to  a 73 2 m hill  1 . 5 km  away.  In  samples 
of  beetles  from  the  hill  the  isotope  191  was  modified  in 
the  lab  into  192  by  irradiation  and  then  detected  by 
gamma-spectroscopy  (Iperti  & Buscarlet  1972,  1986, 
Iperti  & Rolley  1973). 

Data  on  coccinellids  trapped  during  four  seasons 
( 1 9 9 2-9  5 ) in  window  traps  mounted  on  a 1 5 m high 
tower  in  New  Brunswick,  Canada,  give  an  interesting 
picture  of  height  and  seasonal  distribution  of 
flights  for  several  abundant  species  (Table  6.13).  The 
median  height  at  which  C.  septernpimctata  (n  = 349), 
Hip.  convergens  (n  = 279)  and  A.  hipunctata  (n=  551) 
were  trapped  was  3.8m,  0.8  m and  5.3m,  respectively 
(Boiteau  et  al.  1999).  Hippodamia  convergens  was  not 
caught  in  flight  till  as  late  as  August,  while  A.  hipunc- 
tata was  already  flying  in  spring;  maximum  catches 
were  recorded  for  A.  hipunctata  in  July  and  for  C.  sep- 
tempunctata  about  a month  later  (Boiteau  et  al.  1999; 
Table  6.14).  Both  the  heights  and  dates  of  these  catches 
may  indicate  trivial  rather  than  long-distance  flights. 

Observations  in  Hungary  showed  the  different  char- 
acter of  pre-  and  post-hibernation  movements  in  C. 
septernpimctata  in  terms  of  the  height  of  flight.  In  a 
year  when  meteorological  conditions  were  favourable 
for  flight,  negligible  numbers  of  beetles  were  caught  in 
spring  by  Malaise  traps  at  12. 5-14. 5m  and  25-27m, 
but  high  numbers  were  trapped  in  late  summer 
(Sarospataki  & Marko  1995).  It  is  conceivable  that  the 
long  distance  migratory  flight  (in  contrast  to  gradual 
dispersal)  operates  at  a greater  height  than  the  disper- 
sion flight  after  hibernation.  Beetles  caught  at  shrub 
level  apparently  represent  individuals  which  hibernate 
near  to  their  breeding  sites. 

In  the  course  of  2000-2002,  Har  axyridis  was  the 
most  abundant  species  (n  = 32  5)  caught  in  blacklight 
traps  (Koch  & Hutchison  2003).  The  second  most 
abundant  was  Hip.  tredecimpunctata.  The  other  species 
were  very  rare:  C.  septenipunctata  (2  individuals).  Col. 
maculata  (1),  Cycloneda  inunda  (1).  Non-specified  coc- 
cinellids were  reported  to  be  significantly  more 


attracted  (h=30  samples)  to  blacklight  fluorescent 
lamps  (mean  number  of  individuals  = 2.46)  than  to 
black  light  blue  (1.56)  or  to  cool  light  (0.36).  Black- 
light  and  ‘blacklight-blue’  lamps  have  a major  peak  in 
the  ultraviolet  region  at  around  365  nm.  The  black 
light  had  other  peaks  in  the  visible  range  around  430 
and  540  nm  (Nabli  et  al.  1999). 

In  relation  to  the  adaptive  aspects  of  dormancy 
behaviour,  Honek  (1989)  stresses  the  fact  that  it  is 
often  warm  sites  that  are  chosen  for  hibernation 
(usually  the  south,  southwest,  or  west  aspect)  and 
assumes  that  an  appropriate  temperature/humidity 
relationship  and  sufficient  aeration  may  prevent 
the  spread  of  diseases  (particularly  mycosis)  during 
winter.  In  addition  to  the  hypsotactic  visual  orienta- 
tion, he  suspects  that  C.  septempunctata  also  perceive 
the  overall  temperature  of  the  site  on  warm  days.  The 
preference  for  north-facing  situations  on  trees,  reported 
from  England  for  Chil.  hipustulatus  (Majerus  & Kearns 
1989),  is  a rare  exception. 

Semyanov  (1965b)  states  that  the  tendency  to  hiber- 
nate on  at  least  slightly  elevated  ground  may  have  a 
survival  advantage  in  lowland  regions  when  extensive 
parts  of  the  plains  are  flooded.  Many  other  authors 
have  speculated  on  the  adaptive  significance  of  hiber- 
nation in  the  mountains  and  as  aggregations  (sum- 
marized in  Hodek  1960).  It  is  quite  possible  that  mass 
hibernation  facilitates  contact  with  beetles  of  the 
opposite  gender  which  will  be  important  for  less 
abundant  species  and  leads  to  crossing  between  beetles 
that  have  developed  under  different  climatic  condi- 
tions. In  regions  with  warm  climates,  hibernation  in 
high  mountains  may  retard  the  beginning  of  spring 
activity  of  the  beetles  till  aphids  in  the  plain  have  mul- 
tiplied sufficiently.  A similar  function  may  be  attributed 
to  hibernation  among  the  litter  in  plains,  under  mosses 
and  in  other  humid  microhabitats  where  cooling  is 
caused  by  evaporation. 

6. 3. 1.4  Aggregations 

Aggregating  is  a specific  behavioural  feature  connected 
with  dormancy  in  many  Coccinellidae.  Coccinellids  are 
led  to  form  aggregations  when  brought  passively  (wind 
currents)  and  actively  (hypsotaxis;  6. 3. 1.2)  repeatedly 
to  the  same  dormancy  locality  and  habitat  (e.g.  a hill 
or  a line  of  high  trees).  After  arriving  at  the  site,  the 
beetles  are  led  to  specific  portions  of  habitats  by  their 
responses  to  physical  factors  (hydrotaxis,  thermo- 
taxis), and  negative  phototaxis,  geotaxis  and 


Table  6.13  Weekly  vertical  flight  frequency  distribution  for  three  coccinellid  species  (week  1,  17-23  May),  New  Brunswick,  Canada  (Boiteau  et  al,  199 
modified). 
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Less  abundant  species  (i.e,  <40)  are  as  follows:  Propylea  quatuordecimpunctata,  Hippodamia  tredecimpunctata,  Myzia  pullata  randalli,  Coccinella  hiero- 
glyphica  kirbyi,  Hyperaspis  undulata,  Brachyacantha  ursina,  Hippodamia  parenthesis,  Anisosticta  bitrianguiaris,  Chiiocorus  stigma,  Muisantina  hudsonica, 
Scymnus  brullei,  Coccinella  trifasciata  perplexa,  Calvia  quatuordecimguttata,  Psyllobora  vigintimaculata  and  Harmonia  axyridis. 
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thigmotaxis  cause  them  to  hide  in  microhabitats  such 
as  the  space  under  a stone,  the  crevices  in  a rock,  in  a 
grass  tussock,  or  in  tree  bark.  For  example,  the  beetles 
hibernating  in  litter  are  apparently  guided  by  negative 
phototaxis  and  positive  geotaxis  (possibly  also  positive 
hydrotaxis)  to  hide  on  or  near  the  ground  after  a period 
of  sitting  on  the  plants.  During  this  period  of 
‘waiting’  their  behavioural  patterns  gradually  change 
from  those  which  led  the  beetles  to  the  hibernation 
habitat  during  migration,  flydrotactic  responses 
prevail  in  climatotactic  species  such  as  Hip.  convergens 
and  Col.  maculata  (Hagen  1962;  6. 3. 1.2).  In  aestivat- 
ing C.  novemnotata  (McMullen  1967a)  and  hibernating 
Cer.  undecinmotata.  ventilated  crevices  are  preferred 
(Hodek  1960,  Yakhontov  1962,  fperti  1966a)  as  they 
apparently  reduce  the  danger  of  mycosis  (fperti 
1964,  1966b)  (Chapter  8.4.3).  Honek  et  al.  (2007) 
first  studied  for  hibernation  aggregation  in  Hip. 
variegata. 

Pulliainen  (1963,  1964)  studied  the  responses  of 
Myrrha  octodecimguttata  collected  in  bark  crevices 
in  the  final  period  of  dormancy  and  re-activated  by  a 
higher  temperature  in  the  laboratory.  The  beetles 
showed  a strong  hydro-negative  reaction,  which  only 
changed  after  a prolonged  desiccation.  They  reacted 
indifferently  to  long-wave  light,  and  photo-negatively 
to  short-wave  light.  After  desiccation,  they  became 
strongly  photo-negative  to  long-wave  light  also.  The 
optimum  relative  humidity  was  about  30-40%.  Novak 
(1966)  found  that  the  geotactic  reaction  was  slightly 
positive  in  dormant  C.  septempunctata  collected  when 
’waiting'  on  trees  before  they  hid  in  the  litter.  In  humid 
environments,  the  response  changed  to  be  slightly 
geo-negative. 

fn  the  laboratory,  the  formation  of  clusters  of 
Hip.  convergens  adults  increased  with  a decrease  in 


temperature  from  35°C  to  15°C.  Temperature  also 
affected  the  response  to  light:  the  beetles  became 
photo-negative  when  the  temperature  dropped  below 
5°C  (Copp  1983).  These  experiments  were  performed 
from  January  to  March,  i.e.  relatively  late  in  dormancy 
(August- April)  when  diapause  had  most  probably  been 
terminated  (6.1). 

The  direct  stimuli  which  result  in  aggregation  may 
— apart  from  thigmotaxis  - also  include  chemotaxis, 
i.e.  attraction  by  semiochemicals  (Al  Abassi  et  al. 
1998;  Chapter  9.7).  The  specific  odour  of  coccinellids 
is  penetratingly  noticeable  to  humans,  and  speculation 
has  been  published  on  the  role  of  pheromones  in  the 
formation  of  aggregations.  However,  the  evidence  is 
still  limited.  Savoiskaya  (1966)  assumed  an  aggrega- 
tive function  for  odour,  based  on  her  observations  on 
the  genus  Adalia.  ft  may  be  that  a pheromone  attracts 
later  migrants  to  those  beetles  which  have  arrived 
earlier.  Yakhontov  (1962),  Majerus  and  Kearns  (1989) 
and  Majerus  (1994)  supposed  that  dead  beetles 
remaining  from  the  previous  hibernation  had  an 
attraction,  but  this  has  been  refuted  by  G.  fperti 
(unpublished).  Indeed,  Novak  (1965)  has  proved 
experimentally  that  dead  beetles  are  more  likely  to  act 
as  a repellent  than  as  an  attractant. 

Copp  (1983)  reports  the  ability  of  Hip.  convergens 
adults  to  locate  clusters  of  living  conspecilics  hy  olfac- 
tory cues  in  special  test  chamber  in  which  visual  cues 
and  direct  contact  were  eliminated  (Table  6.15).  The 
volatile  sesquiterpene  (-)-beta-caryophylene,  suspected 
to  act  as  an  aggregation  semiochemical,  attracted  both 
genders  of  Har.  axyridis  in  a bioassay  while  only 
males  responded  in  a four-arm  olfactometer  (Verhe- 
ggen  et  al.  2007). 

fn  coccinellids,  which  are  distasteful  prey  with 
aposematic  colouration,  gregariousness  may  have 


Table  6.15  Distribution  of  adults  of  Hippodarnia  convergens  in  the  arena  above  a chamber  that  contains  a beetle  cluster  in 
one  quadrant  (Copp  1983). 


Quadrant  of 
arena 

Contents  in  the 
quadrant  below 

Without  CO2 

absorbent 

With  CO2 

absorbent 

total  no.of 
beetles 

mean  ± SD 

total  no.of 
beetles 

mean  ± SD 

1 

beetle  cluster 

162 

7.7  ± 1.9 

53 

6.6  ± 1.4 

2 

blank 

15 

0.7  ± 0.9 

11 

1 .4  ± 1 .6 

3 

blank 

20 

0.9  ± 1.4 

5 

0.6  ± 0.5 

4 

blank 

20 

0.9  ± 1.1 

11 

1 .4  ± 1 .2 

Ten  adults  were  tested  in  one  replicate;  they  were  counted  after  48  hours. 


308 


I.  Hodek 


Table  6.16  The  mean  numbers  (ii)  per  m^  in  autumn  litter  samples  and  spring 
emergence  samples,  the  proportion  of  living  beetles  in  the  autumn  samples,  and  the 
overwintering  survival  (density  spring  emergents/density  in  autumn),  for  Hippodamia 
tredecimpunctata  (H13),  Coccinella  septempunctata  (C7),  Coccindla  transversoguttata 
(CT),  Hippodamia  convergens  (HC),  and  Hippodamia  parenthesis  (HP),  and  all 
coccinellids  in  the  beach-ridge  forest  at  the  Delta  Marsh  Field  Station,  Manitoba, 
Canada  (Turnock  & Wise  2004). 


Species 

1992 

Autumn 

1993 

Spring 

1993 

Autumn 

1994 

Spring 

1995 

Spring 

H13 

n/m^ 

47.3 

17.5 

65.6 

9.1 

27.9 

Survival 

0.95 

0.37 

0.97 

0.14 

— 

n 

355 

54 

492 

28 

86 

C7 

n/m^ 

31.3 

0.65 

45.3 

2.3 

1.9 

Survival 

0.72 

0.02 

0.73 

0.05 

— 

n 

235 

2 

340 

7 

6 

CT 

n/xr? 

6.9 

0.32 

8.5 

0 

0 

Survival 

0.37 

0.05 

0.16 

0 

— 

n 

52 

1 

64 

0 

0 

HC 

r\/tr? 

101 

0 

2.1 

0 

0 

Survival 

0.38 

0 

0.5 

0 

— 

n 

8 

0 

16 

0 

0 

HP 

n/m^ 

0.4 

0 

0.13 

0 

0 

Survival 

0.67 

0 

1 

0 

— 

n 

3 

0 

1 

0 

0 

Total 

n/m^ 

87.1 

18.5 

122.4 

11.7 

30.5 

Survival 

0.81 

0.21 

0.81 

0.1 

— 

n 

653 

57 

913 

36* 

94* 

'Includes  one  specimen  of  Anisosticta  bitriangularis  In  1994  and  two  specimens 
of  Calvia  quatuordecimguttata  In  1995. 


evolved  as  a means  of  defence  against  predation. 

Above  a certain  minimum  group  size,  group  members 
have  a lower  rate  of  death  from  predation  than  solitary 
individuals  (Sillen-Tullberg  & Leimar  1988). 

Both  monospecific  and  heterospecific  aggre- 
gations of  coccinellids  may  be  formed.  As  a general 
rule,  only  monospecific  clusters  are  formed  whenever 
several  species  hibernate  in  the  same  habitat  (McMul- 
len 1967a),  though  the  presence  of  a few  adults  of 
other  species  has  been  reported.  Only  twice  have  mixed 
clusters  of  Cer.  undecimnotata  with  A.  hipunctata  been 
observed.  It  is  more  usual  to  find  heterospecific  aggre- 
gations of  C.  septempunctata  with  Cer.  undecimnotata  in 
grass  tussocks  on  the  tops  of  hills  (Hodek  1960),  espe- 
cially where  rocks  are  missing.  Pulliainen  (1966)  has 
reported  that  Scynmus  suturalis  and  Aphidecta  obliterata 
were  admixed  to  aggregations  of  Myrrha  octodecimgut- 
tata.  Kuznetsov  (1977)  found  multispecies  aggrega- 


tions most  often  when  Har.  axyridis  and  sometimes 
also  Oenopia  (=  Synharmonia)  conglobata  were  together 
with  Aiolocaria  hexaspilota  (=  mirabilis),  as  well  as  other 
insects.  Heterospecific  aggregations  of  overwintering 
coccinellids  (Table  6.16)  were  found  in  leaf  litter  in  late 
October  in  a beach-ridge  forest  on  the  southern  shore 
of  Lake  Manitoba  (Manitoba,  Canada)  (Turnock  & 
Wise  2004). 

Some  of  the  mass  aggregations,  e.g.  those  washed  up 
on  beaches  (Lee  1980a)  are,  however,  not  directly 
related  to  diapause,  hut  originally  produced  hy  hunger 
and  thirst  when  the  emergence  of  large  numbers  of 
ladybirds  coincides  with  the  disappearance  of  aphids 
in  the  landscape  (Chapter  5. 4. 1.5). 

Transmission  between  beetles  of  the  ectoparasitic 
fungus  Hesperomyces  virescens  between  beetles  oc- 
curred during  the  hibernation  of  Har.  axyridis  in  aggre- 
gations. It  is  both  the  social  contact  in  multi-layered 
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piles  in  aggregations  and  mating  that  enables  such 
transmission  in  the  winter  (Nalepa  & Weir  2007; 
Chapter  8.4.3). 

6. 3. 1.5  Emergence  from  dormancy  sites 

At  the  end  of  dormancy,  the  beetles  gradually  change 
their  behaviour.  The  inactivity  in  the  hiding  places 
changes  to  slight  mobility,  sometimes  already  long 
before  dispersal.  This  final  stage  is  conspicuous  and  has 
often  been  observed  in  coccinellids  hibernating  in  litter 
at  forest  edges.  Here  coccinellids  stay  for  a prolonged 
period  on  the  trees  (especially  on  young  pines)  in  the 
dormancy  site  before  dispersal  (e.g.  Bielawski  1961; 
6.3. 2.3).  During  this  closing  period  of  dormancy,  the 
coccinellids  have  often  been  observed  mating.  Mating 
was  verified  by  dissection  of  the  spermathecae  before 
dispersal  from  the  hibernation  sites  of  Cer.  undecimno- 
tata  and  C.  septempimctata  (Hodek  & Landa  1971, 
Hodek  & Ceryngier  2000,  Ceryngier  et  al.  2004)  and 
of  Col.  maculata  (Solbreck  1974).  About  half  of  C.  sep- 
tempunctata  females  already  had  sperm  in  their  sper- 
mathecae in  September  when  they  were  in  early 
diapause  in  their  hibernation  site  (Hodek  & Ceryngier 
2000,  Ceryngier  et  al.  2004;  6.4. 1.2). 

Dispersal  from  dormancy  sites  continues  over 
several  weeks  (Hodek  1960.  Bielawski  1961, 
Savoiskaya  1965,  McMullen  1967a).  The  onset  and 
progress  of  dispersal  is  regulated  by  the  ambient  tem- 
perature, as  the  second  phase  of  dormancy  is  simple 
quiescence  (6.1).  Usually  a prolonged  increase  of 
average  temperature  over  10°C  is  required  to  induce 
the  beetles  to  emerge  (Hodek  1960).  In  the  laboratory, 
the  distance  walked  by  diapausing  C.  septempimctata 
was  recorded;  the  best  correlation  for  mobility  was 
with  a previous  exposure  of  10-15  days  to  the 
increased  temperatures  (Ruzicka  & Kindlmann  1991). 

Different  species,  even  if  they  have  hibernated  at 
the  same  site,  do  not  disperse  simultaneously.  In 
Bohemia  (western  Czech  Republic)  A.  bipunctata  is 
the  earliest  species,  followed  by  C.  quinquepunctata,  P. 
quatuordecimpunctata  and  Tytthaspis  sedecimpunctata, 
then  by  C.  septempimctata  and  Hip.  variegata.  while 
Cer.  imdecimnotata  leaves  very  late  (Hodek  1960).  A 
similar,  but  not  identical  picture  was  reported  by 
Bielawski  (1961)  at  a hibernation  site  under  young 
pines  in  Poland  (Warszawa-Bielany).  Adalia  bipunctata, 
A.  decempunctata  and  C.  quinquepunctata  leave  about  a 
month  earlier  than  C.  septempunctata  and  P.  quatuordec- 


impimctata.  Whereas  these  two  observations  agree  that 
A.  bipunctata  is  an  early  and  C.  septempunctata  a late 
disperser,  Banks  (1955)  reported  the  opposite  observa- 
tion from  England;  C.  septempimctata  appeared  on 
nettles  one  month  earlier  than  A.  bipunctata  and  P 
quatuordecimpunctata.  However,  for  C.  septempimctata 
the  nettles  were  probably  the  first  habitat  visited  after 
dormancy,  while  A.  bipunctata  and  P.  quatuordecimpunc- 
tata (due  to  their  habitat  preference;  Chapter  4)  had 
previously  spent  some  time  in  another  habitat  of 
shrubs  or  trees. 

The  flight  of  coccinellids  from  hibernation  sites  to 
breeding  habitats  is  considered  a dispersal  flight 
(Hodek  et  al.  1993;  6. 3. 1.3).  It  is  not  a long-distance 
flight,  but  usually  a step-wise  process.  Beetles  of 
several  species  have  been  observed  to  fly  from  the  dor- 
mancy site  only  to  adjacent  or  nearby  fields  at  first 
(Hodek  1960,  Okuda&  Hodek  1983).  If  suitable  aphids 
(Chapter  5.2.2)  are  there  in  sufficient  quantity,  the  coc- 
cinellids will  only  gradually  disperse  further  afield.  In 
the  dispersing  beetles,  the  previous  great  depletion  of 
reserves  during  dormancy  would  most  probably  cause 
hunger;  thus  the  dispersal  flight  may  gradually  change 
into  the  normal,  trivial  (appetitive)  flight  (Hodek 
etal.  1993). 

6.3.2  Behaviour  of  individual  species 

For  a detailed  survey  on  behaviour  of  ladybirds  related 
to  phases  of  dormancy  and  the  difference  between  cli- 
matotactic  and  hypsotactic  aggregators,  see  Hagen’s 
(1962)  classic  review.  A comprehensive  survey  of 
varied  hibernation  habitats  of  ladybirds  in  Britain  is  on 
pp.  158-159  in  Majerus’s  (1994)  book. 

6.3.2. 1 Ceratomegilla  (=SemiadaIia) 
undecimnotata 

The  migratory  and  aggregation  behaviour  of  this 
species  is  similar  in  the  three  regions  of  central  Asia 
(Dobzhansky  1925,  Radzievskaya  1939,  Yakhontov 
1966),  the  Czech  and  Slovak  Republics  at  the  northern 
limit  of  the  distribution  area  (Hodek  1960,  1967)  and 
southeastern  France  (Iperti  1966b).  The  dormancy 
sites  are  situated  at  prominent  features  on  hills  or 
mountains  (large  rocks,  heaps  of  stones,  shrubs  or 
other  plants,  or  artificial  structures,  such  as  posts,  tri- 
angulation points,  but  only  very  rarely  buildings  or 
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their  ruins).  It  is  assumed  that  such  sites  are  chosen 
as  the  result  of  hypsotactic  responses  (6. 3. 1.2). 
Ceratomegilla  undecimnotata  prefer  rock  cracks,  espe- 
cially those  exposed  to  wind,  where  their  mortality  is 
reduced.  In  the  absence  of  such  cracks,  the  beetles 
hibernate  at  the  base  of  bushes,  but  then  there  is  a 
great  danger  of  mycosis.  The  petrography  of  the  site 
is  not  crucial,  hibernation  quarters  can  be  found  both 
on  limestone  and  on  igneous  rocks  (e,g,  basalt).  The 
altitude  of  the  site  above  sea  level  varies:  in  central 
Asia  it  is  much  higher  (2000m)  than  in  the  Czech 
Republic  and  Slovakia  (400-900 m)  or  in  France 
(usually  above  700  m).  The  majority  of  dormancy  sites 
in  these  regions  are  situated  on  a southwest  aspect. 
According  to  Iperti  (1966b)  the  attraction  of  this 
aspect  may  be  the  afternoon  insolation  of  these  sites 
(6.2.8). 

The  coccinellids  arrive  at  the  hibernation  places  over 
a period  of  several  weeks  on  warm  calm  days  and  leave 
similarly.  At  the  onset  and  end  of  hibernation  they 
creep  around  close  to  the  shelter  during  the  day, 
forming  numerous  small  clusters  during  the  night  or 
colder  spells.  For  the  cold  part  of  the  period  of  dor- 
mancy they  aggregate  in  a few  large  clusters.  Their 
spring  emergeuce  depends  on  the  ambieut  temper- 
ature. In  the  Louny-hills  (northern  Bohemia)  emer- 
gence occurs  after  a period  of  mean  temperature  at 
12-14. 5°C  (Hodek  1960).  Yakhontov  (1962)  assumed 
that  a certain  degree  of  gonad  maturation  is  the  signal 
for  emergence.  In  Bohemia,  however,  females  leaving 
the  hibernation  sites  had  ovaries  at  different  stages  of 
maturation.  The  females  leaving  the  hibernation  sites 
early  lack  the  stage  of  the  first  oocyte.  If  they  disperse 
later,  this  stage  has  already  been  attained  at  the  dor- 
mancy site.  In  males,  the  tissue  of  the  testicular  follicles 
is  already  fully  active  2-4  weeks  before  emergence  and 
the  males  fertilize  the  females  at  the  dormancy  site 
(Hodek  & Landa  1971,  Hodek  & Ceryngier  2000,  Cer- 
yngier  et  al.  2004;  6, 4. 1,3),  Year  after  year,  Cer.  midec- 
imnotata  uses  the  same  dormancy  sites  if  the  silhouette 
of  the  hill  has  not  changed. 

6. 3. 2. 2 Hypsotactic  species  Harmonia 
axyridis,  Har.  conformis  aud  Aiolocaria 
hexaspilota  (=mirabilis) 

Harmonia  axyridis  has  dormancy  behaviour  similar 
to  that  of  Cer.  undecimnotata.  After  a short  report  from 
east  Siberia  (Telenga  & Bogunova  1936),  the  first 
detailed  study  was  undertaken  in  Japau,  near  Kyoto. 


All  14  hibernation  sites  visited  by  Obata  (1986)  were 
situated  near  promiueut  features  of  a whitish  or 
light  colour.  When  the  beetles  were  offered  black,  red, 
green,  yellow  and  white  boards  near  one  of  the  aggre- 
gation sites  below  a large  rock  at  the  top  of  Mt,  Shi- 
royama,  they  landed  mostly  on  the  white  boards.  The 
white  board  was  more  attractive  when  the  sun  shone 
brightly.  Obata  (1986)  and  Obata  et  al.  ( 1 9 8 6)  suppose 
that  the  whitish  or  light  colour  may  be  an  indication 
of  a dry  site  (but  see  Nalepa  et  al.  2005  below).  Obata’s 
observation  that  Har  axyridis  adults  changed  flight 
direction  towards  the  white  board  from  some  distance 
is  important;  thus  their  landing  appears  to  be  direc- 
tional and  visually  oriented  (Obata  1986). 

After  its  successful  introduction  to  the  USA  and 
Canada,  and  the  subsequent  increase  in  population, 
Har  axyridis  has  become  a uuisauce  by  euteriug 
buildiugs  in  search  of  dormancy  shelter  (Koch  & 
Galvan  2008),  Sometimes  the  beetles  also  use  partly 
opeu  structures.  Since  1993  repeated  winter  aggre- 
gations of  thousands  of  Har  axyridis  have  been 
observed  in  a concrete  observation  tower  (20m  high) 
built  on  the  crest  of  a ridge  (at  326  m)  in  south-central 
Pennsylvania.  During  very  cold  winters  (e.g.  1994)  a 
majority  of  the  beetles  died  (Schaefer  2003;  see  6.4.4). 

In  habitations,  Har  axyridis  are  totally  unwelcome. 
They  irritate  people  just  by  their  mass  presence,  but 
also  provoke  allergic  reactions.  This  problem  has  initi- 
ated an  increased  interest  in  the  ethological  aspects  of 
their  hibernation  with  the  practical  aim  of  preventing 
beetles  entering  buildings.  A series  of  studies  in  the 
USA  focussed  on  the  orieutatiou  of  Har  axyridis  to 
their  dormancy  sites.  Nalepa  et  al.  (2000)  coutested 
distaut  orieutatiou  of  arriving  beetles  to  the  cou- 
specifics  present  in  these  sites.  They  found  little  evi- 
dence for  volatile  aggregation  pheromones,  but  did  not 
exclude  contact  chemoreception  with  those  conspecif- 
ics  that  had  arrived  earlier.  Thus  the  suggestion  that 
pheromones  are  important  for  the  orientation  of  the 
beetles  remains  open  (9.7), 

Important  progress  in  our  understanding  of  the 
behaviour  of  Har.  axyridis,  when  searching  for  dor- 
mancy sites,  has  come  from  a field  study  in  which  black 
stripes  on  white  backgrounds  but  with  different  degrees 
of  contrast  were  offered  to  alightiug  ladybirds.  The 
beetles  significantly  preferred  the  targets  with  cou- 
trast  (Nalepa  et  al,  2005),  This  showed  that  Har 
axyridis  is  uot  attracted  to  white  colours  per  se. 

This  pre-dormancy  flight  occurred  when  the  tem- 
perature rose  above  21°C  with  peaks  between  14,00 
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and  1 6.00  hours,  shifting  to  earlier  hours  as  the  season 
advanced  (Nalepa  et  al.  2005).  In  Monticello,  Florida, 
Har.  axyridis  adults  arrived  at  the  hibernation  sites  as 
late  as  mid-November  to  early  December,  due  to  the 
extended  summer  season  (Riddick  et  al.  2000).  This 
indicates  a multivoltine  life  cycle  (6.2.9). 

To  deter  the  invasion  of  homes  by  Har.  axyridis, 
menthol  or  camphor  were  used  in  Maryland  and 
Florida  to  treat  the  crevices  through  which  the  beetles 
enter  houses.  Camphor  was  more  efficient  than 
menthol,  but  both  substances  evaporated  rather 
quickly  (Riddick  et  al.  2000). 

The  dormancy  behaviour  in  eastern  Australia  of  the 
introduced  species  Harmonia  confovmis  has  also 
been  described  as  hypsotactic  (Flales  et  al.  1986). 
Both  in  summer  and  winter  the  aggregating  coccinel- 
lids  were  found  on  mountain  tops  (800-1000m)  in 
crevices  of  radio/TV  towers  and  telegraph/beacon 
poles,  till  22°N  (in  Queensland).  On  one  occasion  a 
Imxl  mxO.Sm  box  was  completely  filled  with 
dormant  Har.  conformis. 

Aiolocaria  hexaspilota,  a univoltine  predator  of 
chrysomelids  which  lives  in  the  Ussuri  region  of  east 
Siberia,  also  uses  cracks  in  rocks  on  bare  hills  as 
dormancy  sites  (Kuznetsov  1977).  From  late  August  to 
early  September  the  beetles  fly  first  from  the  forests  to 
their  edges  and  land  on  well-insolated  trees.  Only  later, 
after  the  first  spells  of  frost,  when  the  average  tempera- 
ture falls  to  around  12°C,  do  the  beetles  migrate  to 
well-insolated  slopes  of  rocky  hills  or  also  to  buildings. 
Exceptionally,  the  earliest  beetles  may  arrive  in  late 
August  but  usually  the  migration  occurs  from  late  Sep- 
tember to  early  October  (Table  6.17).  On  the  hills,  the 

Table  6.17  Arrival  of  adults  of  Aiolocaria  hexaspilota  to 
their  dormancy  sites  on  a rocky  hill  in  the  Ussuri  region  of 
east  Siberia  (monitored  area  0.25  m^,  time  of  counting 
20  min)  (Kuznetsov  1977). 


Date 

1970 

Number  of  beetles  counted 
at  given  hours 

8 

10 

12 

14 

16 

18 

28  Sept. 

0 

8 

32 

25 

21 

1 

29  Sept. 

0 

19 

38 

69 

29 

5 

30  Sept. 

0 

21 

15 

87 

20 

6 

2 Oct. 

0 

17 

27 

80 

19 

13 

3 Oct. 

0 

7 

18 

41 

8 

4 

6 Oct. 

0 

2 

24 

31 

2 

0 

9 Oct. 

0 

0 

1 

3 

0 

0 

aggregation  sites  are  situated  at  any  altitude,  on  the 
southern,  southwestern  or  western  slopes  and  the  site 
is  determined  by  the  presence  of  rocks.  Clusters  from 
5-20  to  several  hundred  individuals  occur  in  the  crev- 
ices which  may  be  as  deep  as  2 m.  In  such  crevices  the 
temperature  is  much  higher  than  ambient:  even  if  the 
temperature  falls  to  as  low  as  -32°C,  it  does  not 
decrease  below  -6°C  at  50cm  deep  in  a crevice.  In  the 
spring  the  adults  mate  and  disperse  in  May  at  an 
average  temperature  of  10-1 2 °C. 

6. 3. 2. 3 Coccinella  septempunctata  and  other 
species  dormant  in  the  litter 

Attention  should  be  drawn  to  the  fact  that  old  refer- 
ences to  hibernation  of  C.  septempunctata,  which 
describe  mass  assemblages  between  rocks  on  moun- 
tain summits  (for  earlier  references  see  Hodek  1960) 
may  refer  to  Cer.  undecimnotata.  The  seven-spotted  form 
of  Cer.  undecimnotata  is  often  confused  with  C.  septem- 
punctata, even  by  professional  entomologists.  G.  Iperti 
(unpublished)  has  verified  that  such  confusion 
occurred  in  Fabre’s  (1879)  data  from  Mont  Ventoux 
and  St.  Amand  (France).  The  same  confusion  has  prob- 
ably occurred  elsewhere. 

Dormancy  behaviour  of  C.  septempunctata,  in  con- 
trast to  that  of  Cer.  undecimnotata,  is  heterogeneous 
even  within  the  same  geographical  area.  The  only  safe 
generalization  is  that  C.  septempunctata  always  hiber- 
nates on  the  ground:  under  stones,  in  litter,  in  holes 
in  the  soil  surface,  near  the  base  of  plants  in  grass  tus- 
socks, but  never  in  the  cracks  of  tree  bark  or  walls  - in 
contrast  to  A.  bipunctata  (6. 3.2. 5).  The  species  mostly 
forms  only  small-  or  medium-sized  aggregations,  not 
exceeding  tens  of  beetles.  In  lowlands  the  usual  dor- 
mancy sites  of  C.  septempunctata  are  situated  at  forest 
edges,  in  clearings  or  in  windbreaks.  If  no  such  site  is 
close  by,  C.  septempunctata  hibernates  near  isolated 
shrubs  or  other  plants,  or  on  slight  unevennesses  of  the 
terrain.  No  special  differences  seem  to  occur  between 
individual  countries  (Flodek  1996). 

The  flight  of  C.  septempunctata  to  dormancy  sites  is 
often  step-wise,  particularly  when  the  beetles  have  not 
completed  feeding  and  continue  to  forage  on  the  way 
(Nedved  et  al.  2001).  Such  pre-hibernation  roving  of 
C.  septempunctata  adults  was  monitored  in  a detailed 
way  over  5 years  (1998-2002)  in  central  Italy  (Ricci 
et  al.  2005).  After  the  field  crops  matured  and  the 
aphids  there  had  disappeared,  the  beetles  moved  to 
wild  plants  in  increasingly  elevated  habitats:  to  about 
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1250m  in  early  July  and  later  up  to  1800m.  Their 
summer  feeding  on  several  species  of  aphids,  pollen 
and  spores  of  fungi  was  observed  and  quantified  by  gut 
analysis.  In  the  period  between  mid-June  and  mid-July, 
less  than  40%  of  adults  had  aphids  in  their  gut.  This 
percentage  increased  again  later.  Also  in  central  Italy, 
individual  matings  may  be  observed  during  summer, 
which  provide  sperm  for  storage  by  the  females  during 
winter  - similar  to  findings  in  central  Europe  (6. 4. 1.2, 
6 .4 . 1 . 3 ).  In  August  some  adults  stop  feeding,  enter  dia- 
pause and  aggregate  under  stones  on  mountain  tops  or 
in  plants,  e.g.  among  the  leaves  of  Verbascum  thapsus 
(Ricci  et  al.  2005). 

After  their  arrival  at  the  dormancy  site,  C.  septem- 
punctata  remain  clustered  on  the  plants  close  to  their 
subsequent  hiding  places  (during  August  and  Septem- 
ber in  Bohemia)  and  only  hide  gradually  as  the  air 
becomes  cooler.  Very  often  they  can  be  found  at  the 
ends  of  twigs  of  young  pines  (Hodek  1960,  Bielawski 
1961,  Semyanov  1965a,b,  Klausnitzer  1967)  or 
between  the  ear  spathes  of  maize  plants  left  after 
harvest  (Hemptinne  1988).  In  a similar  way  they  stay 
on  the  vegetation  near  the  hibernation  site  before  their 
dispersal  in  spring. 

The  largest  aggregations  of  dormant  beetles  have 
been  found  in  mountains  or  on  hills  (Hodek  et  al. 
1977,  1989.  Honek  1989,  Hodek  & Okuda  1993, 
Honek  et  al.  2007).  The  populations  from  montane 
and  lowland  dormancy  sites  differ.  Intensity  of  dia- 
pause (as  measured  by  duration  of  oviposition  delay; 
6.1)  was  much  greater  in  individuals  from  1500m 
(peak  of  Mt.  Cousson)  than  in  the  beetles  sampled  from 
a nearby  hill  of  about  600  m (both  sites  in  the  region 
of  Digne,  France)  (Hodek  et  al.  1977;  6. 2. 1.2).  The 
coccinellids  from  about  1400-1 500m  (peaks  of  the 
Giant  Mountains  = Krkonose,  northern  Bohemia) 
were  much  larger  than  those  in  lowland  hibernation 
sites  at  forest  edges,  at  about  300-400 m (Honek 
1989).  Coccinella  septempunctata  has  a plastic  life  cycle 
(6.2.1;  Tables  6.1  and  6.3)  which  is  again  reflected  by 
the  above  differences.  Presumably  the  beetles  entering 
diapause  earliest  in  the  season  are  those  individuals 
with  a strong  tendency  to  a univoltine  life  cycle.  Honek 
(1989)  and  Honek  et  al.  (2007)  assume  that  larger 
individuals  which  develop  earlier  in  the  breeding 
season  have  a better  ability  to  complete  long  range 
flight.  Thus  the  larger  individuals  with  deeper  diapause 
occupy  the  dormancy  sites  in  mountains. 

Winter  survival  of  C.  septempunctata  was  recorded 
in  artificial  hibernacula  from  early  November  1993  to 


early  April  1 9 9 5 in  Bohemia.  Hill  top  populations  from 
the  Giant  Mountains  (Krkonose,  1480  m)  and  Rana 
(400  m)  were  compared  with  those  from  the  lowland 
(300-3 60m).  One  particular  site  at  1100  m was  not 
on  a hill  top  but  in  a meadow.  An  interesting  difference 
was  found  between  the  two  altitudes.  A high  propor- 
tion in  the  meadow  of  small  individuals,  less  capable 
of  long  flight,  indicated  poor  nutrition  of  larvae  (and/ 
or  pre-hibernation  adults)  and  presence  of  local  lady- 
birds. In  this  sample  medium  sized  individuals  had  only 
1.7%  survival,  while  in  the  high  altitude  sample  the 
survival  was  83.3%  in  medium  sized  males  and  86.7% 
in  medium  sized  females  (Zhou  et  al.  1995,  Honek 
1997).  As  the  cause  of  mortality  was  not  studied,  it 
cannot  be  excluded  that  the  high  altitude  hill  top 
sample  was  less  prone  to  fungal  infection  (Chapter 
8.4.3)  and  this  contributed  to  higher  survival. 

Of  the  common  coccinellids,  C.  quinquepunctata 
has  a hibernation  behaviour  similar  to  that  of  C.  sep- 
tempunctata. However,  it  is  found  far  more  often  than 
the  latter  on  young  pine  trees  at  forest  edges  (Hodek 

1960,  Bielawski  1961,  Semyanov  1965a,  b,  Klaus- 
nitzer 1 9 6 7).  It  is  reported  from  shingle  banks  (Majerus 
1994),  and  can  also  be  found  among  small  stones  on 
hills  (e.g.  the  Louny-hills  in  north  Bohemia)  used  as 
hibernation  quarters  by  Cer.  undecimnotata  and  C.  sep- 
tempunctata (Hodek  1960  and  unpublished).  Coccinella 
quinquepunctata  and  P.  quatuordecimpunctata  were  the 
most  abundant  species  hidden  in  pine  cones  during 
hibernation  (Ruzicka  & Vostrel  1985)  on  the  same 
hills. 

Some  other  species  are  usually  present  in  similar 
hibernation  sites  on  the  plain  (the  litter  or  upper 
soil  layer  at  forest  edges)  (Hodek  1960,  Bielawski 

1961,  Semyanov  1965a,  b,  Klausnitzer  1967,  Novak 
& Grenarova  1967).  Such  species  are  Coccinula 
quatuordecimpustulata,  P.  quatuordecimpunctata,  Hip. 
variegata  (in  dry  places),  other  Hippodamia  spp.  (if 
moist  habitats  are  nearby),  the  phytophagous  Subcoc- 
cinella  vigintiquatuorpunctata  and  the  mycophagous 
Psyllobora  (=  Thea)  vigintiduopunctata,  especially  in 
rather  moist  places.  Tytthaspis  sedecimpunctata  formed 
the  largest  aggregation  (over  10,000  individuals)  ever 
found  in  Britain  (Majerus  & Kearns  1989).  Evans 
(1936)  found  a dormancy  aggregation  of  Tytthaspis 
sedecimpunctata  on  a wooden  post  in  Berkshire, 
England  in  December.  Legay  & De  Reggi  (1962)  found 
aggregations  (50-150  individuals  per  lOOm^)  of 
the  same  species  (together  with  1%  of  Psyllobora 
vigintiduopunctata)  near  Lyon,  France  under  litter 
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at  the  base  of  trees  on  a small  rise  overtopping  the 
surrounding  fields  by  only  20  m.  Whereas  in  central 
Europe  T.  sedecimpunctata  is  usually  found  in  dry  places, 
in  central  Italy  its  usual  hibernation  sites  are  the 
wild  vegetation  of  ditches  and  embankments.  In 
central  Italy  this  habitat  is  also  used  for  hibernation 
by  Rhyzobius  litura  which,  however,  remains  there 
also  during  the  breeding  period;  at  least  90%  of  the 
apterous  population  do  so  (Ricci  1986). 

The  Australian  species  C.  leonina  was  found  in 
similar  dormancy  sites  as  C.  septempunctata  both  in 
summer  and  winter:  in  soil  cracks,  near  the  roots  of 
herbaceous  plants , under  pieces  of  cloth,  and  once  at  the 
topof  ahillclose  to  itsfeedinghabitats  (Hales  etal.  1986; 
also  6 . 2 . 1 0) . In  addition  to  the  above  species,  Savoiskaya 
(1983,  p.l74)  reported  from  Kazakhstan  that  Vibidia 
duodecimguttata,  Bulaea  lichatschovi,  Exochomus  flavipes 
and  Parexochonms  melanocephalus,  and  from  Siberia 
that  C.  hieroglyphica  and  Hip.  septemmaculata,  also 
hibernated  in  litter  or  in  the  upper  soil  layers. 

Besides  the  above  species  for  which  litter  in  the  widest 
sense  typically  provides  shelter,  Calvia  quatuordedmgut- 
tata  and  Exochomus  quadripustulatus  sometimes  also 
occur  in  litter.  These  two  species  are  equally  abundant 
in  bark  crevices.  Litter  also  serves  as  the  dormancy  site 
for  Stethorus  pusillus  (Putman  1955,  Berker  1958, 
Savoiskaya  1983)  and  S.  pimctum  punctum  (Felland  & 
Hull  1996),  although  some  authors  report  Stethorus 
spp.  hibernating  in  the  bark  (Moter  1959). 

Hibernation  behaviour  of  the  abundant  P.  quatuor- 
decimpunctata  was  not  well  known  until  the  detailed 
study  on  populations  from  an  agricultural  but  exten- 
sively wooded  area  of  the  Province  of  Hainaut  in 
western  Belgium  (Hemptinne  1988).  Hemptinne  com- 
pared litter  samples  from  the  forest  edge  and  20  m into 
the  forest,  and  found  that  P.  quatiwrdecimpunctata  pre- 
ferred the  inner  site  for  hibernation,  with  1.11  beetles/ 
m^  at  the  edge  compared  with  1.41  beetles/m^  inside 
the  wood.  By  contrast,  C.  septempunctata  preferred  the 
edge  (0.98  beetles/m^)  to  the  interior  of  the  wood  (0. 78 
beetles/m“).  and  an  orientation  facing  south  or  west. 
The  compass  orientation  was  not  important  for  P. 
quatuordecimpunctata.  The  well-known  preference  for 
higher  elevations  was  again  shown  by  C.  septempunc- 
tata but  was  less  obvious  with  P quatuordecimpunctata. 
In  Poland  P.  quatuordecimpunctata  hibernates  more 
often  in  pine  than  in  oak  litter  (Bielawski  1961).  For 
England,  Majerus  (1994)  reports  a diversity  of  hiber- 
nation sites  near  to  the  ground,  and  small  groups  of 
2-3  P.  quatuordecimpunctata  are  found. 


6. 3. 2. 4 Coleomegilla  maculata 

Moist  places  are  preferred  by  Col.  maculata  (Hodson 
1937,  Solbreck  1974,  Benton  & Crump  1979,  Jean 
et  al.  1990,  Roach  & Thomas  1991).  The  vertical 
distribution  of  active  adults  on  the  plants  and  their 
susceptibility  to  desiccation  also  indicate  a preference 
for  higher  humidity  (eg.  Ewert  & Chiang  1966;  Chapter 
4).  The  migration  to  dormancy  sites  occurs  at  low 
level  and  the  aggregations  are  found  at  or  near  the 
edges  of  open  fields  at  the  base  of  dominant  trees 
(Parker  et  al.  1977,  Benton  & Crump  1979).  Three 
dormancy  sites,  described  by  the  latter  authors  in 
New  York  State,  were  at  the  base  of  willow  trees  and 
a fourth  was  at  the  base  of  a large  poplar.  In  one 
case  the  aggregation  was  located  near  a small  pond. 
Also  a large  aggregation  near  Montreal  (D.  Coderre, 
unpublished)  was  situated  below  a large  willow  tree 
near  a small  reservoir.  In  Vermont,  USA,  the  attractive 
trees  were  mostly  maples  (Parker  et  al.  1977) 
and  pecans  in  the  upper  coastal  plain  of  South  Caro- 
lina (Roach  & Thomas  1991).  All  these  sites  were 
repeatedly  visited  by  the  beetles  year  after  year.  In 
Col.  maculata  (similarly  to  Hip.  convergens)  the  ori- 
entation to  the  dormancy  sites  is  mainly  by  climato- 
taxis,  and  it  is  most  probable  that  one  of  the  major 
factors  is  humidity.  During  the  influx,  the  beetles 
in  New  York  alighted  on  undergrowth  vegetation, 
including  wild  raspberry  (Rubus  occidentalis)  and  sensi- 
tive fern  (Onoclea  sensibilis).  With  drops  in  temperature, 
the  beetles  moved  down  to  the  ground.  According  to 
Roach  and  Thomas  (1991)  the  hibernation  sites  are 
characterized  by  a deep  layer  of  largely  decomposed 
organic  matter.  In  the  mid-Atlantic  states  of  the  USA, 
Col.  maculata  overwintered  in  the  greatest  numbers  in 
leaf  litter  in  windbreaks  that  were  adjacent  to  maize 
fields.  This  type  of  overwintering  site  was  preferred  to 
forest  edges  adjacent  to  maize  (Nault  & Kennedy 
2000). 

While  the  migration  to  hibernation  sites  lasts  only 
1-2  weeks,  the  spring  dispersal  is  much  longer  (Sol- 
breck 1974,  Benton  & Crump  1981).  Adults  that  had 
overwintered  were  observed  to  feed  on  pollen  at  or  near 
the  dormancy  site,  on  Populus,  dandelions  or  cowslip 
(Caltha palustris)  (see  also  6. 3. 1.3). 

6. 3. 2. 5 Adalia  bipunctata 

This  coccinellid  is  known  in  early  dormancy  for  fre- 
quent invasions  of  buildings,  where  it  appears  in  cracks 
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in  walls,  in  lofts,  or  behind  windows  and  even  in 
rooms  (e.g.  Hawkes  1920,  Semyanov  1970).  However, 
recently  it  has  been  replaced  by  Har.  axyridis  in  the 
USA  and  western  Europe  (6. 3. 2. 2).  It  can  be  assumed 
that  the  coccinellids  are  brought  to  buildings  by 
their  hypsotactic  behaviour.  Such  behaviour  is  also 
indicated  by  a small  aggregation  of  A.  hipunctata 
(20-30  individuals)  found  close  to  a large  aggrega- 
tion of  Cer.  undecimnotata  on  a hill  top  (I.  Hodek, 
unpublished). 

However,  a fair  proportion  of  A.  hipunctata 
apparently  does  not  leave  the  orchard,  park  or  forest 
habitats,  and  hibernate  together  with  Chil.  bipustulatus 
and  Stethorus  pusillus,  either  in  crevices  in  tree  bark  or 
even  in  paper  bands  around  trees  (Speyer  1934). 

Mass  hibernation  by  A.  hipunctata  in  the  thick 
bark  of  old  Tyan-shan  spruces  {Picea  schrenkiana)  is 
described  by  Savoiskaya  (1983)  from  Kazakhstan. 
Every  autumn,  the  beetles  migrate  in  masses  to  the 
same  trees  in  mountain  valleys,  flying  up  the  valley: 
a rate  of  50-55  beetles/min  was  observed  in  late 
September.  It  was  noticed  that  they  turned  back  sharply 
just  behind  the  tree  (evidently  pushed  there  by  air 
turbulence),  swarmed  in  the  wind  shelter  and  dropped 
rapidly  onto  the  trunk.  Up  to  6000  beetles  were  found 
on  one  tree.  Similar  sites  on  Picea  were  also  used  by 
A.  hipunctata  (=fasciatopunctata)  and  by  Oenopia 
conglobata.  The  latter  species  was  most  abundant 
up  to  1500  m,  while  Adalia  species  preferred  higher 
altitudes.  Winter  aggregations  of  O.  conglohata  and 
Halyzia  tschitscherini  were  found  in  the  bark 
crevices  of  poplars  in  the  valleys  of  montane  rivers  in 
Kazakhstan  (Savoiskaya  1983).  Aggregations  of  up  to 
200  A.  hipunctata  adults  were  observed  by  Smee  (1922) 
on  elm  trees  (Ulmus)  in  England  (as  many  as  1000 
beetles  on  one  tree).  Smee  was  the  first  to  succeed  in 
attracting  coccinellids  to  cages  containing  tree  bark, 
i.e.  artificial  hibernacula.  In  Belgium,  A.  hipunctata 
often  overwinters  in  poplar  plantations  with  a prefer- 
ence for  the  trees  on  the  southern  edge.  Most  of  the 
aggregations  (mean  size,  2-6  individuals;  range,  1-36) 
are  situated  in  bark  crevices  on  the  south-west  sides  of 
the  trees  (Hemptinne  1985,  Hemptinne  & Naisse 
1988). 

Adalia  hipunctata,  being  a multivoltine  species,  enters 
diapause  relatively  late  (in  early  October  in  Germany; 
Speyer  1934)  and  emerges  very  early  in  spring  (in 
March  in  Belgium;  Hemptinne  1985).  Adalia  hipunctata 
is  often  found  together  with  Chil.  bipustulatus  (Speyer 
1934.  Bielawski  1961,  Savoiskaya  1965). 


6. 3. 2. 6 Myrrha  octodecimguttata  and  other 
forest  species  which  hibernate  in  bark  crevices 

Bark  crevices  of  Scots  pine  and  other  conifers  are 
reported  as  hibernation  sites  for  Har.  quadripunctata,  M. 
octodecimguttata  and  Aphidecta  ohliterata  (Majerus 
1994).  According  to  this  author,  the  dormancy  sites 
of  Myzia  oblongoguttata  and  Anatis  ocellata  are 
unknown  in  England.  Not  much  is  known  about  the 
hibernation  of  other  coccinellid  species  of  coniferous 
forests.  According  to  recent  observations,  they  do  not 
seem  to  leave  their  breeding  habitat. 

Myrrha  octodecimguttata,  which  lives  and  breeds 
in  the  crowns  of  pine  trees  in  Germany  (Klausnitzer 
1968),  hibernates  in  bark  crevices  of  old  pines:  this  has 
been  established  also  for  Poland  by  Bielawski  (1961), 
for  Einland  by  Pulliainen  (1963,  1964,  1966)  and  for 
England  by  Majerus  (1994).  Pulliainen  observed  that 
the  coccinellids  preferred  to  hibernate  in  the  lowest 
10  cm  of  the  trunk  (93%  of  beetles)  and  the  south  and 
east  sides  of  the  tree  (62%).  On  these  sides  the  tendency 
to  aggregate  was  most  pronounced:  the  aggregations 
averaged  3-8  individuals  (maximum  14). 

Bark  crevices  of  old  pines  are  used  as  dormancy  sites 
by  many  other  forest  species  (but  6. 3. 2. 5)  including: 
Scymnus  suturalis  (Delucchi  1954,  Pulliainen 
1966,  while  Bielawski  1961  found  this  species  more 
frequently  in  the  bark  crevices  of  deciduous  trees), 
Scymnus  nigrinus  (Bielawski  1961),  and  Aphidecta 
obliterata  (Pulliainen  1966,  Parry  1980).  Exo- 
chomus  quadripustulatus  uses  bark  crevices  and 
litter  with  about  equal  frequency  for  its  dormancy 
site  (Bielawski  1961,  Klausnitzer  1967).  Other  coni- 
fers than  pines  may  also  be  visited,  e.g.  cedar  by 
Hip.  tredeciinpunctata  (Thomas  1932).  Some  coccinel- 
lids prefer  the  bark  crevices  of  deciduous  trees,  e.g. 
Nep/ius  quadrimaculatus  prefers  chestnuts  (Bielawski 
1961),  and  Oenopia  conglobata  and  Har.  quadripunctata 
chestnut  and  poplar  (Bielawski  1961;  I.  Hodek, 
unpublished). 

6. 3. 2. 7 Hippodamia  convergens 

The  progeny  of  diapausing  beetles  emerge  from  pupae 
in  early  May.  If  there  are  not  enough  aphids  nearby, 
they  migrate  long  distances  towards  the  mountains  (in 
northern  California  to  the  Sierra  Nevada).  Hagen 
(1962,  1966)  proposed  a hypothesis  to  explain  the 
mechanism  of  migration  (Pig.  6.8;  6.2.7).  Migration  is 
initiated  by  take-off  during  the  calm  of  morning:  the 
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subsequent  vertical  upward  primary  flight  is  appar- 
ently assisted  by  convection  currents.  This  goes  on  as 
long  as  adequate  warm  temperature  permits  the  beetles 
to  fly.  At  the  lower  temperature  threshold  of  about 
11-1 3 °C  flight  is  inhibited  and  the  beetles  fall  about 
300  m into  a warmer  layer  of  air  (13-18°C)  where 
flight  is  resumed.  The  beetles  which  are  thought  to 
undergo  these  vertical  oscillations  are  simultaneously 
blown  sideways.  Each  day  during  the  late  morning  in 
May  and  June,  westerly  winds  carry  the  beetles 
toward  the  mountains  (Fig.  6.8).  The  migration  is  ter- 
minated when  the  air  currents  contact  the  mountains 
(Hagen  1962). 

If  aphids  are  found  near  the  landing  place,  the 
beetles  produce  eggs  there.  Usually  however,  they 
feed  on  a non-insect  diet  (e.g.  pollen)  and  build  up 
reserves.  After  a week  or  so  the  coccinellids  exhibit  sec- 
ondary, directional  flight  near  the  ground,  flying  up 
and  down  mountain  creeks  in  search  for  summer 
aggregation  sites.  There  the  adults  remain  rather 
inactive  until  October,  when  they  become  mobile 
again,  presumably  disturbed  by  the  first  rains.  The 
tertiary  flight  during  warm  periods  usually  leads 
them  to  lower  parts  of  the  creek  where  new,  larger 
overwintering  aggregations  are  formed  (Hagen 
1962). 

Hippodamia  convergens  adults  are  guided  in  their 
search  for  the  aggregation  sites  by  a series  of  factors. 
In  contrast  to  Cer.  undecimnotata,  they  do  not  always 
respond  to  prominent  objects.  Sometimes  assemblages 
of  Hip.  convergens  are  found  at  mountain  tops  (Doug- 
lass 1930,  Throne  1935,  Sherman  1938,  Stewart 
et  al.  1967),  but  according  to  Hagen’s  (1962)  hypoth- 
esis they  reach  summits  in  a semi-passive  way.  Mois- 
ture and  light  are  considered  to  be  the  most  important 
factors  influencing  selection  of  aggregation  sites. 
At  first  the  coccinellids  assemble  on  bushes  and  trees 
in  large  clearings  near  creeks.  After  several  days  they 
move  close  to  the  creeks,  and  settle  down  along  the 
banks,  often  in  spots  exposed  to  afternoon  sunlight. 
Thus  the  aggregations  are  formed  in  similar  places  year 
after  year,  but  also  new  clearings  are  occupied.  The 
beetles  exhibit  a marked  preference  for  litter  with  20% 
moisture  (Hudson  1937).  Hagen  (1962)  assumed  that 
Hip.  convergens  drinks  water  in  order  to  maintain  a 
constant  water  content  and  that  a physiological 
requirement  for  free  water  may  be  the  basic  character- 
istic of  climatotactic  aggregators  (Hip.  convergens. 
Col.  macidata)  in  contrast  to  hypsotactic  species  such  as 
Cer.  undecimnotata  (6. 3.2.1). 


On  the  eastern  edge  of  the  Rocky  Mountains,  massive 
aggregations  of  Hip.  convergens  (mixed  with  the  curcu- 
lionid  Hypera  postica)  were  found  below  stones  about 
1 m above  the  edge  of  the  water  of  an  irrigation  reser- 
voir in  mid-March.  Most  ladybirds  dispersed  before  the 
end  of  March  (Simpson  & Welborn  1975).  This  finding 
might  also  indicate  the  preference  for  moist  habitats  in 
dormant  Hip.  convergens. 

Large  winter  colonies  (from  one,  about  40  million 
beetles  have  been  collected)  are  formed  by  many  non- 
contiguous small  aggregations  under  leaves,  at  the 
bases  of  bushes,  and  on  tree  trunks.  At  higher  alti- 
tudes, snow  often  covers  Hip.  convergens  aggregations 
for  about  three  months.  The  majority,  however,  hiber- 
nate near  the  snow  line  in  the  Sierra  Nevada,  and 
during  most  of  the  winter  they  are  not  covered  with 
snow  (Hagen  1962). 

The  beetles  aggregate  in  canyons  and  are  thus  in 
shade.  When  they  become  heated  to  above  14°C  in  the 
early  spring,  they  take  off  vertically  and  are  eventually 
caught  up  by  winds  (blowing  in  the  opposite  direction 
to  that  in  summer)  which  carry  them  over  ridges  that 
lie  to  the  west  between  the  aggregation  sites  and  the 
plains.  The  fall  in  air  temperature  in  the  evening  brings 
the  beetles  to  the  ground,  terminating  the  flight.  Not 
all  coccinellids,  however,  get  so  far.  The  beetles  that 
overwinter  on  the  highest  peaks  of  the  Sierra  are  found 
after  dispersal  to  have  reached  only  the  mountain 
valleys  just  below  these  peaks  (Hagen  1962). 

Hagen’s  findings  were  complemented  by  laboratory 
experiments  using  tethered  flight  (Rankin  & Rankin 
1980).  Individual  coccinellids  were  suspended  from 
their  pronotum  by  a toothpick  attached  with  melted 
wax  and  were  stimulated  to  fly  by  a low-speed  fan; 
the  duration  of  flight  was  measured.  Long  tethered 
flight  (>30  minutes)  was  considered  a good  indica- 
tion of  migratory  behaviour  (6. 3. 1.3).  Hippodamia 
convergens  was  found  to  be  a typical  migrant:  the  long 
flights  are  post-teneral  and  pre-reproductive  in  females, 
and  are  associated  with  adult  diapause.  Starvation 
greatly  enhances  migratory  behaviour  and,  under 
optimal  feeding  conditions,  short  daylength  has  the 
same  effect  (Rankin  & Rankin  1980).  Optimal  feeding 
for  7 days  induces  maturation  of  ovaries  and  greatly 
reduces  the  tendency  to  long  tethered  flight. 

To  monitor  the  tendency  to  long  flights  in  the 
field,  active  beetles  were  collected  in  aphid-infested 
fields  from  March  to  June  and  diapausing  beetles  were 
sampled  on  the  top  of  a mountain  from  July  to  Decem- 
ber (Fig.  6.9).  The  adults,  newly  arrived  at  the  fields  in 
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Figure  6.9  Flight  activity  of  Hippodamia  convergens  and 
monthly  precipitation  in  1977  (dashed  line)  (from  Rankin 
& Rankin  1980).  The  adults  were  collected  in  fields  around 
Austin  (open  circles,  solid  line)  and  on  top  of  Mt  Locke, 

Davis  Mts,  W.  Texas  (closed  circles). 

March,  had  a relatively  high  proportion  (50%)  of  indi- 
viduals with  a migratory  tendency,  which  decreased  to 
about  20-30%  in  the  next  two  months.  By  late  May 
and  June,  about  60%  of  coccinellids  again  displayed 
long  tethered  flight.  The  beetles  behaved  similarly 
when  sampled  in  the  field  (before  migration)  and  at  the 
mountain  top,  early  after  their  arrival  at  the  dormancy 
site.  The  incidence  of  migratory  tendency  then  dropped 
to  about  20%  in  August  and  to  less  than  10%  in  the 
last  months  of  the  year  (Fig.  6.9;  Rankin  & Rankin 
1980). 

6. 3. 2. 8 Hippodamia  quinquesignata 

The  location  of  hibernation  sites  by  Hip.  quinquesignata, 
as  described  by  Edwards  (1957)  and  Harper  and  Lilly 
(1982),  seems  also  to  be  hypsotactic  as  in  Cer.  undec- 
inmotata.  At  least  all  aggregations  described  were 
found  in  the  mountains  at  altitudes  ranging  between 
1677m  and  3354m  in  the  USA  (Edwards  1957)  and 
1250-2744m  in  Alberta,  Canada  (Harper  & Lilly 
1982).  Hippodamia  quinquesignata  uses  the  same  aggre- 
gation sites  each  year.  They  are  usually  located  on 
upper,  exposed  slopes  (often  west-facing)  with  sparse 
vegetation  and  covered  with  rocks.  The  beetles  are 
found  under  rocks  and  debris,  in  crevices  in  rocks,  logs 
or  pine  cones,  or  at  the  base  of  junipers.  Sometimes 
Hip.  caseyi  is  admixed  in  small  numbers. 

In  spring,  mating  occurs  before  dispersal.  In  Califor- 
nia, however.  Hip.  quinquesignata  does  not  migrate  long 
distances  and  spends  its  facultative  summer  dia- 
pause. as  well  as  its  winter  diapause,  at  the  edges  of 


fields.  Thus  the  adults  can  easily  respond  to  later 
increases  in  aphid  numbers  by  producing  summer 
and  autumn  generations  (Hagen  1962,  Neuenschwan- 
der  et  al.  1975). 

6. 3. 2. 9 Hibernation  of  mycophagous  and 
phytophagous  species 

Hibernation  in  aggregations  is  most  common  in  ento- 
mophagous  coccinellids  but  also  two  mycophagous 
species  have  been  reported  hibernating  in  aggre- 
gations in  litter.  In  mid- April  Ruscinsky  (1933)  found 
four  large  aggregations  of  Vibidia  duodecimguttata 
among  fallen  leaves  at  the  base  of  trees  on  top  of  a hill 
in  erstwhile  Rumania  (Bessarabia).  Each  aggregation 
covered  about  Im^  and  consisted  of  some  2500  indi- 
viduals. Psyllobora  (=  Thea)  vigintiduopunctata 
was  often  found  in  moist  litter  at  forest  edges  visited  by 
C.  septempunctata  and  related  species  (Hodek  1960, 
Bielawski  1961)  (6. 3. 2. 3). 

Aggregations  have  also  been  observed  in  phytopha- 
gous coccinellids  in  the  subfamily  Epilachninae. 
In  Africa,  Poulton  (1936)  observed  aestivation 
aggregations  of  immobile  Epilachna  dregei,  once 
in  Bechuanaland  and  once  in  northern  Uganda  on 
prominent  features  (a  hill,  a termite-hill)  in  mid-July,  i.e. 
in  the  middle  of  the  dry  season.  In  Eebruary,  Kapur 
(1954)  found  four  aggregations  of  several  thousand 
individuals  of  Aphidentida  bisquadripunctata 
(=  Epilachna)  at  an  altitude  of  about  400  m in  India 
(Chota  Nagpur,  Bihar)  at  the  base  of  grass  c.  0. 7 m high, 
in  the  vicinity  of  an  almost  dry  brook.  The  coccinellids 
were  in  diapause  (empty  guts,  a large  fat  body,  unripe 
ovaries).  In  both  Epilachna  spp.  observed,  hypsotactic 
aggregation  may  have  been  involved.  Ghabn  (1951) 
mentions  winter  migrations  of  E.  ‘chrysomelina’  from 
the  fields  into  the  surrounding  desert  in  Egypt  without, 
however,  describing  the  hibernation  sites. 


6.4  ANATOMICAL  AND 
PHYSIOLOGICAL  CHANGES 
RELATED  TO  DORMANCY 

6.4.1  Anatomical  state 

6.4. 1 . 1 Fat  body  and  digestive  tract 

A greatly  enlarged  fat  body  and  voided  digestive  tract 
are  the  conspicuous  features  of  diapausing  coccinellids 
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of  both  sexes.  The  characteristics  of  midguts  in  C. 
novemnotata  are  typical  for  all  coccinellid  species:  the 
midguts  of  dormant  beetles  are  reduced  to  whitish, 
opaque,  thick-walled  tubes  containing  a brown  fluid 
(McMullen  1967a). 

In  C.  s.  brucki,  an  important  difference  between 
feeding  and  dormant  adults  was  found  in  the  proteo- 
lytic activity  and  ultrastructure  of  the  midgut 
(Morikawa  et  al.  1989,  Sakurai  et  al.  1991).  Trypsin 
activity  was  very  low  in  summer  and  completely  inhib- 
ited in  January.  The  columnar  cells  of  the  midgut  epi- 
thelium of  active  beetles  contained  abundant  rough 
endoplasmic  reticulum  (RER)  and  the  mitochondria 
showed  distinct  cristae.  In  dormant  coccinellids  the 
mitochondrial  cristae  were  obscure  and  RER  was  rarely 
found.  These  differences  are  evidently  due  to  feeding 
versus  absence  of  feeding;  they  are  identical  in  the  aes- 
tival  diapause  and  winter  quiescence  (6.2.2). 

6. 4. 1.2  Ovary,  spermatheca 

The  developmental  progress  of  ovaries  was  quanti- 
fied in  Hai:  axyridis  on  a six-stage  scale  (Obata  1988a, 
b,  Osawa  2005):  (1)  no  oocytes;  (2)  one  oocyte:  (3)  two 
whitish  oocytes:  (4)  two  oocytes,  with  the  basal  oocyte 
filled  with  whitish  yellow  yolk;  (5)  two  oocytes,  with 
the  basal  oocyte  with  yellow  yolk:  (6)  the  basal  oocyte 
grown  to  the  maximum  size.  Stages  5 and  6 are  con- 
sidered as  matured  ovarioles  (Osawa  2005).  The  next 
reproductive  state  is  represented  by  the  eggs  present  in 
the  calyx  of  the  ovary.  Stages  3 and  4 were  considered 
as  one  stage  in  a five-stage  scale  for  C.  septempunctata 
(Okuda  et  al.  1986.  Okuda  & Hodek  1989). 

As  coccinellids,  particularly  the  aphidophagous 
species,  often  encounter  a scarcity  or  absence  of  suit- 
able prey  (Chapter  5.3.3),  oosorptive  ovaries  may  also 
be  found.  Oosorption  occurs  during  the  intermediate 
developmental  stage  of  ovarioles  (Osawa  2005).  The 
survival  of  females  is  maintained  by  egg  resorption 
because  of  the  possibility  of  future  oviposition  when 
aphid  resources  again  become  available,  often  after 
long-  or  short-distance  movement  (6. 3. 1.2).  Oosorp- 
tion also  takes  place  when  diapause  is  induced  in  repro- 
ducing females,  i.e.  ‘secondarily’.  Egg  resorption  in 
the  late  reproductive  season  and  due  to  bad  condition 
of  host  plants  has  been  recorded  in  several  studies  on 
the  Henosepilachna  complex.  When  the  conditions 
improved,  oviposition  was  resumed  (Ohgushi  1996 
and  the  references  therein).  Osawa  (2005)  gives  two 
main  characteristics  of  an  oosorptive  oocyte:  (i)  dark 


yellow  or  orange  colour,  (ii)  modified  shape  (see  Osawa 
2005,  p.  504,  figure  2 therein). 

In  a European  study  of  gonads  during  dormancy 
in  four  coccinellid  species,  Osawa’s  stages  1-3  (and  the 
stage  during  which  resorption  occurs)  were  recorded. 
However,  the  transparency  of  the  oocytes  was  empha- 
sized rather  than  their  number,  i.e.  (1)  no  oocyte,  (2) 
transparent  oocytes,  (3)  early  phase  of  vitellinisation 
(Ceryngier  et  al.  2004).  From  the  four  univoltine 
species  sampled  at  dormancy  sites  (C.  septempunctata, 
C.  quinquepunctata,  C.  magnifica  and  Cer.  undecimnotata), 
only  the  last-named  species  completely  lacked  any  indi- 
cation of  reproductive  activity  in  early  dormancy  in 
September.  All  females  had  completely  inactive  ovaries 
(stage  1)  and  none  of  them  had  sperm  in  their  sper- 
mathecae  (Figs  6.10,  6.11;  Ceryngier  et  al.  2004).  This 
finding  is  in  agreement  with  older  data  for  Cer.  undec- 
imnotata (Hodek  & Landa  1971;  Table  6.18).  While 
all  C.  septempunctata  females  had  inactive  ovaries 
similarly  to  Cer  undecimnotata,  10%  of  the  ovaries  of  C. 
quinquepunctata  were  in  stage  2 and  one  C.  magnifica 
female  had  resorbed  oocytes.  In  all  Coccinella  species, 
some  females  had  sperm  in  their  spermathecae;  the 
incidence  of  mated  females  was  highest  (30%)  in  C. 
septempunctata  (Fig.  6.11;  Ceryngier  et  al.  2004).  More 
than  10  years  earlier  (Ceryngier  et  al.  1992)  a higher 
percentage  (50%)  was  recorded. 

Parasitization  of  C.  septempunctata  by  the  braconid 
Dinocampus  coccinellae  (8.3)  surprisingly  increased  not 
only  the  incidence  of  mated  females  (to  50%  in  Sep- 
tember), but  also  the  state  of  maturity  of  the  ovaries 
(Ceryngier  et  al.  2004).  Two  females  that  contained 
second  instar  larvae  of  D.  coccinellae  had  vitellinized 
oocytes,  while  another  two  parasitized  by  younger 
stages  had  inactive  ovaries.  This  observation  still  needs 
a detailed  experimental  study  to  verify  whether  parasi- 
tization can  really  cause  a kind  of  activation  similar  to 
that  caused  by  injury  (in  a French  population  of  C. 
septempunctata;  Hodek  et  al.  1977;  6. 2. 1.2). 

For  England,  Majerus  (1994)  reported  that  C.  sep- 
tempunctata only  rarely  mate  before  hibernation.  In 
North  Carolina,  the  females  of  Har  axyridis,  collected 
from  buildings  shortly  after  they  arrived  there,  mostly 
in  October,  varied  greatly  in  the  proportion  that  had 
mated:  in  1993  the  mean  was  11.8%  (range  0-25%; 
;z  = 246)  and  in  1994  it  was  41.4%  (range  0-70%; 
n = 461)  (Nalepa  et  al.  1996). 

In  general,  the  receptivity  of  female  coccinellids 
for  mating  is  evidently  not  dependent  on  the  physio- 
logical state  of  their  ovaries.  As  mentioned  above,  in 


318  I.  Hodek 


n 20  n 

15 
10  - 
5 - 
0 - 

n 25-1 
20- 
15- 
10- 
5- 
0 


Testicular  follicles 

cfcf 


[7 


1234  1234  1234 

Apr.  8 


J ^ 


7’ 


171^ 


12341234  1234 

Apr.  25 


n 25  -| 
20- 
15- 
10- 
5- 

o-' 


Spermatheca 

?? 


C.  sept. 
Rana 


Iz±3 

1234  1234  1234  -+  -+  -+ 

Sept.  Jan.  Apr.  25  Sept.  Jan.  Apr.  25 


C.  und. 
Rana 


10 

5 

0 

n 25  -I 
20  - 
15  - 
10  - 
5 - 
0 - 

n 25 
20 
15  - 
10  - 
5 - 
0- 


Testic.  toll. 

cTcf 


12  3 4 


12  3 4 


I 


Zl 


Spermatheca 

22 


1234  1234 

Sept.  Jan. 


C.  mag. 
CB 


C.  quin. 
CB 


L 

^ C.  quin. 
Rana 


- + - + 
Sept.  Jan. 


Figure  6.10  Condition  of  testicular  follicles  and  spermatheca.  Coccindla  septempimctata,  Ceratomegilh  undecimnotata. 
Coccinella  magnifica  and  Coccindla  quinquepunctata.  1.  lowest  activity;  4.  highest  activity;  empty;  +,  tilled  with  sperm;  Ceske 
Budejovice  (CB,  southern  Bohemia;  Rana.  northern  Bohemia)  (from  Hodek  & Ceryngier  2000). 


C.  septempunctata  30-50%  of  females  entering  dia- 
pause have  the  spermathecae  full  of  sperm  (Ceryngier 
et  al.  1992,  2004)  and  the  first  females  of  Cer.  undec- 
imnotata contain  sperm  in  their  spermathecae  3 weeks 
before  the  ovaries  mature  (Hodek  & Landa  1971:  Table 
6.18). 


Also  in  old  studies  (e.g.  on  P.  quatuordecirnpunctata, 
Hariri  1966;  C.  novemnotata,  McMullen  1967a)  the 
ovaries  of  diapausing  females  are  described  as  consist- 
ing of  mere  germaria. 

In  A.  bipimctata,  however,  continual  activity  of 
the  ovaries  was  reported  from  Belgium  when  the 
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Figure  6.11  Condition  of  ovaries  in  coccinellid  females.  1,  no  oocytes  in  ovarioles;  2,  first,  transparent  oocytes;  3,  small 
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Table  6.18  Gonads  in  dormant  Cemtornegilla  imdecimnotata  collected  in  Louny  hills  (N.  Bohemia)  (Hodek  & Landa  1971). 


Date  of 
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Ovaria 

Spermatheca 

Spermatocytes  in 
testicular  follicles* 

no  egg  chambers 

one  oocyte 

no  sperm 
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10 
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20 
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13 
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‘Vesiculae  seminales  always  full  of  sperm. 


differentiated  and  growing  oocytes  were  resorbed  and 
not  vitellinized  for  most  of  the  season:  vitellinized  and 
chorionated  oocytes  were  only  found  in  May.  This 
report  seems  somewhat  to  contradict  the  3-4  genera- 
tion cycle  reported  for  Belgium  (Hemptinne  & Naisse 
1987).  Usually  a bivoltine  life  cycle  has  been  recorded 
for  A.  bipimctata  in  cold  temperate  climates  (e.g.  Obrycki 
et  al.  1983,  Majerus  1994,  Klausnitzer  & Klausnitzer 
1997), 

In  central  European  populations  of  C.  septempunc- 
tata,  which  are  heterogeneous  as  to  voltinism 
(6.2. 1,1),  dissections  of  samples  from  summer  and 
early  autumn  show  both  processes,  differentiation  and 
resorption.  In  July,  about  40%  of  females  show  the  start 
of  vitellogenesis,  but  in  the  next  month  the  oocytes 
begin  to  be  resorbed,  earlier  in  the  beetles  from  dor- 
mancy sites  and  slightly  later  in  the  beetles  still  remain- 
ing in  breeding  sites  (Fig.  6.12;  Okuda  et  al.  1986).  A 
similar  result  was  obtained  in  the  laboratory  at  2 5 + 2 °C 
and  short  daylength  (12L:12D):  a maximum  of  aproxi- 
mately  40%  females  had  vitellogenic  oocytes  on  the 
third  day  and  resorption  was  terminated  on  the  ninth 
day.  Under  long  daylength  (18L:6D)  the  process  of 
resorption  was  delayed;  it  was  only  terminated  after 
about  3 weeks  (Okuda  et  al.  1986). 

As  late  as  in  mid-  and  late  September,  a fraction  of 
the  central  European  populations  of  C.  septempunctata 
may  still  be  found  actively  feeding  on  remaining  aphids. 
Most  of  these  coccinellids  have  their  guts  full  of  digested 
aphids  and  some  of  them  (10-20%)  also  have  vitel- 
linized oocytes  (Hodek  1962;  Table  6.1).  This  finding 
was  confirmed  in  a recent  study  on  populations  from 


southern  Bohemia  (Ceryngier  et  al.  2004).  It  has  been 
assumed  that  this  heterogeneity  in  the  maturation  of 
ovaries  found  in  the  Czech  populations  is  related  to  the 
partial  tendency  to  multivoltinism  (Hodek  1962;  Table 
6.3;  6.2. 1.6,  6,2,16), 

In  the  bivoltine  C.  s.  brucki  in  central  Japan  the 
females  have  matured  oocytes  in  spring  and  in  autumn. 
They  spend  both  aestivation  and  hibernation  with  pre- 
vitellogenic  ovaries.  However,  oogenesis  was  reported 
to  advance  gradually  during  hibernation  (in  a rela- 
tively mild  winter),  while  it  was  completely  suppressed 
in  the  course  of  aestivation  (Sakurai  et  al.  1983, 
1986),  These  observations  indicate  that,  from  the 
physiological  point  of  view,  only  the  aestivation  is  dia- 
pause (6, 2. 2.1). 

In  Chil.  renipnstulatus,  the  majority  of  females  dia- 
pause with  ovaries  in  which  development  is  blocked  at 
an  early  stage;  in  about  7%  of  the  females  development 
is  stopped  even  earlier  and  follicles  are  completely 
missing  (Pantyukhov  1965,  1968a).  The  females  with 
no  follicles  have  a substantially  greater  longevity  (by 
1-2  months  in  the  laboratory)  than  those  where  some 
development  has  occurred.  The  situation  is  probably 
similar  in  Chil.  bipustulatus  and  Chil.  geminus.  Zaslavskii 
and  Bogdanova  (1965)  report  that  in  some  diapausing 
females  of  these  two  species,  the  development  of  the 
ovarioles  is  inhibited  at  the  stage  of  one  small  follicle 
with  some  yolk  deposited. 

It  is  at  the  end  of  dormancy  in  spring,  often  still  at 
dormancy  sites  while  no  food  is  taken,  that  previtello- 
genesis and  the  formation  of  the  first  oocyte  occur.  In 
Cer.  undecimnotata  (Hodek  & Landa  1971;  Ceryngier 
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Figure  6.12  Schematic  representation  of  changes  in  dorso-longituduial  flight  muscle  fibres  (a)  and  ovaries  (b)  in  relation  to 
flight  tendency  (c)  in  Cocdnella  septempunctata  adults.  Breeding  (breed.)  and  dormancy  (dorm.)  sites;  +,  flight  tendency  high; 
flight  tendency  low  or  absent  (from  Okuda  et  al.  1986). 


et  al.  2004;  Table  6.18;  Fig.  6.11)  this  happens  much 
later,  around  mid-May,  than  in  C.  septempunctata 
(Okuda  et  al,  1986,  Ceryngier  et  al.  2004;  Fig.  6.12). 

In  three  studied  species,  C.  septempunctata  and  Cer. 
imdecirnnotata  (Hodek  & Landa  1971,  Ceryngier  et  al. 
2004)  and  A.  hipunctata  (Hemptinne  & Naisse  1987), 
the  spermathecae  of  at  least  part  of  the  sampled 
females  contain  spermatozoids  before  the  dispersal 
from  the  hibernation  sites,  Adalia  hipunctata  have 
empty  spermathecae  from  the  onset  of  dormancy  until 
spring  (Hemptinne  & Naisse  1987), 

The  females  of  S.  pusillus  often  live  for  2 years  and 
enter  a second  dormancy.  The  mature  ovaries  are 
largely  resorbed  and  the  metabolic  reserves  are  re- 
accumulated in  the  enlarged  fat  body.  This  resorption 
of  ovaries  even  occurs  during  the  first  hibernation  of 
those  females  which  have  emerged  from  pupae  before 
late  July  and  have  already  oviposited  in  that  season 
(Putman  1955).  This  latter  situation  may  be  expected 
to  apply  in  every  multivoltine  or  at  least  partly  bivoltine 
life  cycle,  as  occurs  in  C.  septempunctata  (Hodek  1962). 
It  is  also  unlikely  that  a second  hibernation  is  an 


exceptional  event;  it  has  been  proved  to  occur  in  P. 
quatuordecimpunctataby  Hariri  (1966)  in  England,  in  C. 
septempunctata  by  Sundby  (1968)  in  Norway,  and  in 
two  species  (Hai:  axyridis  and  Aiolocaria  hexaspilota) 
introduced  to  central  Asia  from  the  Far  East  (Savoiskaya 
1970a,  b). 


6. 4.1. 3 Male  gonads 

Contrary  to  what  is  often  assumed,  the  activity  of  the 
tissue  of  coccinellid  testicular  follicles  is  not  arrested 
when  diapause  is  induced.  Testes  already  mature  in  the 
pupa,  and  the  males  are  ready  to  mate  shortly  after 
adult  emergence.  While  the  males  of  C.  septempunctata 
acquire  all  other  characteristics  of  the  diapause  syn- 
drome, such  as  accumulation  of  reserves  and  behav- 
ioural characteristics,  i.e.  migration  and  change  of 
taxes,  they  are  nevertheless  able  to  fertilize  females 
just  prior  to  entering  diapause.  On  22  September 
1998,  the  males  of  C.  septempunctata  still  had  highly 
active  testicular  follicles  (at  stage  3.5  on  average,  when 
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estimated  at  4 stages),  in  spite  of  being  dormant  in  the 
tussocks  on  the  hill  top  (Fig.  6.10:  Hodek  & Ceryngier 
2000).  This  is  not  the  same  for  all  coccinellid  species: 
see  Cer.  undecimnotata  in  Fig.  6.10  and  A.  hipiinctata 
(Hemptinne  & Naisse  1987). 

In  the  next  4 months  of  the  cold  period,  up  to  22 
January,  the  activity  of  the  testicular  follicles  in  most 
males  of  C.  septempunctata  had  on  average  regressed  to 
stage  2.2,  due  to  the  low  temperature  prevailing 
over  that  period.  There  were  loose  spermatocytes  and 
spermatids  in  the  centre  of  the  testicular  follicles, 
with  spermatogonies  (apical  cells)  at  the  distal  top  and 
spermatodesms  (sperm  bundles)  at  the  proximal  end. 
Spermatogenesis  ceases  at  the  stage  of  the  division  of 
spermatogonies  or  of  young  spermatocytes.  In  January 
the  average  state  of  activity  of  the  testicular  follicles 
was  again  much  lower  in  Cei:  imdecimnotata  than  in 
C.  septempunctata  (Fig.  6.10). 

The  degree  of  testicular  activity  differed  between 
autumn  samples  of  four  species  (Fig.  6.10).  The  least 
active  were  the  testes  of  Cer.  undecimnotata  (mean 
degree  of  activity:  2.4)  and  the  next  were  those  of  C. 
magnifica  (2.8),  C.  quinquepunctata  (3.2)  and  C.  septem- 
punctata (3.6). 

In  spring,  the  increase  in  ambient  temperature  (to 
about  12°C:  Hodek  1960,  1973)  initiates  the  opposite 
process.  In  April  the  activity  of  the  testicular  folli- 
cles is  resumed:  this  occurs  earlier  in  C.  septempunc- 
tata than  in  Cer.  imdecimnotata  (Fig.  6.10).  In  the  plain 
near  Ceske  Budejovice  (South  Bohemia),  the  progress 
in  activity  is  more  varied  than  in  the  hills  in  northern 
Bohemia.  Spermatogenesis  begins:  the  spermatogonies 
begin  to  divide  and  groups  of  growing  spermatocytes 
enveloped  by  cyst  cells  are  formed  which  quickly  fill  the 
whole  follicle.  In  some  years  the  tissue  of  the  testicular 
follicles  is  fully  active  and  spermiogenesis  is  complete 
in  all  males  by  mid-April  (Hodek  & Ceryngier  2000, 
Ceryngier  et  al.  2004).  Such  a situation  was  already 
reported  earlier  with  photographs  (Hodek  & Landa 
1971). 

However,  the  males  do  not  have  to  wait  for  the  new 
sperm  to  mature  before  mating,  as  they  have  kept 
reserves  of  sperm  in  their  seminal  vesicles.  Also, 
if  the  females  disperse  early,  about  one  half  of  them 
could  use  sperm  from  their  spermathecae  for  fertiliz- 
ing their  eggs.  Mating  at  the  dormancy  sites  may  he 
advantageous  in  central  Europe  for  Cer  undecimnotata 
that  occurs  there  on  the  northernmost  boundary  of  its 
distribution  area  and  is  rather  rare,  so  that  the  proba- 
bility of  genders  meeting  away  from  the  hibernation 


sites  is  much  lower  than  in  C.  septempunctata  (Hodek  & 
Ceryngier  2000). 

A biochemical  study  on  the  Japanese  subspecies 
C.  septempunctata  brucki  reported  interesting 
results.  In  central  Japan,  this  subspecies  has  a summer 
diapause  and  a winter  quiescence  (Okuda  & Hodek 
1983:  6.2.2).  In  the  laboratory  at  25°C  and  long  days 
(i.e.  conditions  inducing  summer  diapause)  Okuda 
(2000)  found  that  DNA  synthesis  in  the  testicular 
follicles  decreased  within  30  days  of  adult  life  to 
less  than  half  the  levels  recorded  in  pre-diapause  (adult 
age  1 day)  and  post-diapause  (age  120  days).  Thus 
DNA  synthesis  never  ceased  completely  and  sperma- 
tocytes, although  reduced  in  number,  were  present 
in  diapausing  males.  In  fact  this  is  not  particularly 
surprising,  because  the  activity  of  the  tissue  of  the 
testicular  follicles  is  affected  by  the  ambient  tempera- 
ture (Hodek  & Landa  1971).  The  metabolic  rate  of 
Okuda’s  beetles  at  25°C  remained  high  since  they  did 
not  experience  the  marked  decrease  in  temperature  of 
the  Czech  outdoor  beetles.  In  the  mild  winter  of  central 
Japan  temperature  is  rather  high  also  in  the  field 
(Okuda  2000). 

In  Belgian  populations  of  the  multivoltine  A.  hipunc- 
tata,  the  degeneration  of  differentiated  spermato- 
gonia begins  in  September.  Spermatogenesis  ceases  in 
January  and  February  and  resumes  fully  in  May 
(Hemptinne  & Naisse  1987). 

Matiug  activity  just  prior  to  dispersing  from 
aggregations  has  also  been  reported  in  California  for 
Hip.  quinquesignata  punctulata,  Hip.  sinuata  and  Hip. 
parenthesis  (Hagen  1962).  Well-developed  testes  in  Hip. 
convergens  in  dormancy  sites  have  been  reported  by 
Stewart  et  al.  (1967). 

Similar  to  the  findings  on  four  Czech  coccinellid 
populations  (Ceryngier  et  al.  2004),  Zaslavskii  and 
Bogdanova  (1965)  could  not  find  any  effect  of 
diapause-inducing  conditions  on  the  state  of  the  testes 
in  Chil.  bipustidatus  and  Chil.  geminus.  However,  game- 
togenesis  evidently  ceases  very  early  in  the  life  of  both 
these  species,  since  it  was  very  difficult  to  find  mitotic 
divisions  in  active  or  diapausing  males  older  than  7-10 
days. 

The  presence  of  spermatozoa  in  the  spermathecae  of 
some  C.  septempunctata  females  in  autumn  (Hodek 
& Cerkasov  1961)  and  particularly  the  fertilization  of 
females  by  males  kept  under  diapause  conditions,  that 
was  recorded  in  C.  septempunctata  by  Bonnemaison 
(1964)  and  in  Stethorus  pusillus  by  Putman  (1955), 
would  suggest  that  the  activity  of  the  male  accessory 
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Figure  6.13  Seasonal  changes  in  the  size  of  male 
accessory  glands  in  Coainella  septempimctata  hrucki.  (n  = 10; 
one  unit  = 25  |xm)  (from  Sakurai  et  al.  1982). 


glands  might  also  be  independent  of  diapause. 
However,  in  C.  s.  brucki  the  glands  were  much  smaller 
in  diapausing  aestivating  males  than  in  quiescent 
hibernating  ones  in  which  they  were  developed 
(Sakurai  et  al.  1982;  Fig.  6.13). 

It  has  been  shown  experimentally  with  Cer.  undec- 
imnotata  that  the  activity  of  the  testicular  follicles 
depends  on  the  ambient  temperature:  under  favourable 
temperature  it  may  be  continued  or  resumed,  when 
alternative  food  (e.g.  honey  solution)  is  provided.  At  a 
temperature  of  around  12°C,  the  males  can  embark  on 
a normal  and  gradual  decrease  in  gonad  activity 
(Hodek&Landa  1971). 

In  C.  septempimctata,  photoperiod  did  not  exert  any 
influence  on  the  activity  of  the  testicular  follicles  that 
was  increased  by  exposure  to  20°C,  even  in  starved 
beetles.  Activity  of  the  follicles  was  positively  affected 
by  feeding  the  males  on  honey  solution  and  still  more 
by  them  preying  on  aphids,  while  it  was  lower  in  males 
parasitized  by  larvae  of  Dinocampus  coccinellae  (Ceryn- 
gier  et  al.  1992).  This  enhancing  effect  of  feeding  is  in 
agreement  with  earlier  findings  on  males  of  Cer.  undec- 
imnotata  (Hodek  & Landa  1971). 


6. 4.1. 4 Flight  muscles 

In  late  summer  C.  septempimctata  adults  migrate  to  dor- 
mancy sites  to  return  in  spring  to  breeding  sites  (see 
also  6. 3. 1.2  and  6. 3. 1.5).  Flight  muscle  fibres  are  well 
developed  immediately  after  arrival  at  the  aestivo- 
hibernation  sites,  but  are  gradually  resorbed  to  about 


80%  of  their  maximum  diameter  by  August  and 
September.  While  this  resorption  in  early  dormancy 
was  expected,  the  regeneration  recorded  already  in 
October,  6 months  before  the  dispersal  flight,  was 
rather  surprising  (Fig.  6.12).  These  histological  find- 
ings (Okuda  et  al.  1986)  were  corroborated  several 
years  later  by  measuring  changes  in  the  volume  of  the 
flight  muscles  (Nedved  et  al.  2001).  Changes  in  oxygen 
consumption  and  take-off  also  indicated  a tendency 
to  flight  resumption  a long  time  before  the  spring 
dispersal  (Nedved  et  al.  2001).  For  a discussion  of  this 
unexpected  phenomenon,  see  6. 3. 1.3.  The  decrease  in 
flight  tendency  recorded  after  dispersal  to  the  breed- 
ing sites  was  not  followed  by  flight  muscle  autolysis 
(Okuda  et  al.  1986).  Evidently  the  flight  muscles 
remain  well  developed  as  they  are  needed  for  trivial 
flight  for  foraging.  Coccinellids  foraging  for  their 
aphid  prey,  that  quickly  changes  in  abundance,  often 
undertakes  flights  of  relatively  great  distance. 

In  C.  s.  brucki  from  central  Honshu,  Japan,  autoly- 
sis of  flight  muscles  occurs  during  aestivation,  while 
the  flight  muscles  of  hibernating  adults  are  not 
autolyzed,  and  in  this  population  aestivation  and 
hibernation  are  separated  by  a period  of  reproduction 
(Okuda  1981,  Sakurai  et  al.  1982,  1986).  Regenera- 
tion of  the  flight  muscles  after  aestivation  is  thus 
necessary  for  dispersal  in  this  population  of  C.  s.  brucki. 
In  central  Europe,  C.  s.  septempimctata  undergoes  a 
long  uninterrupted  aestivo-hibernation.  It  is  a pity  that 
neither  the  condition  of  flight  muscles,  nor  flight  ten- 
dency have  been  studied  in  warmer  European  regions, 
where  two  (or  more)  generations  of  C.  s.  septempimctata 
could  develop. 

Resorption  of  flight  muscles  during  aestivation  of  C. 
s.  brucki  decreases  the  metabolic  rate  which,  in  spite  of 
their  diapause  condition,  would  be  high  because  of  the 
high  ambient  temperature  in  summer.  During  hiber- 
nation, metabolism  is  lowered  by  the  low  ambient 
temperature. 


6.4.2  Metabolic  changes  related 
to  diapause 

6.4.2. 1 Lipids 

Diapausing  insects  typically  show  an  increased  fat 
content  (Lees  1955,  Hodek  & Cerkasov  1963,  1965, 
Tauber  et  al.  1986,  Danks  1987,  2001).  Their  survival 
during  dormancy  largely  depends  on  the  amount 
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of  metabolic  reserves  they  can  accumulate  before 
diapause. 

In  many  coccinellids  the  deposition  of  reserves  in  the 
fat  body  is  quite  extensive,  and  a hypertrophied  fat 
body  has  always  been  reported  in  diapausing  coccinel- 
lids. Numerical  data  based  on  analysis  of  the  amount 
of  fat  accumulated  are,  however,  less  common.  For 
comparison  of  early  findings  in  six  coccinellid  species, 
see  the  table  on  p.  247  in  Hodek  (1996). 

In  the  laboratory,  slightly  less  fat  is  accumulated  in 
C.  septempunctata  than  in  the  field  (Hodek  & Cer- 
kasov  1961).  Females,  sampled  in  the  hibernation  sites 
in  early  October,  when  an  important  proportion  of  the 
reserves  had  already  been  utilized,  still  had  0.205  mg 
of  lipids  per  mg  total  weight.  Females,  in  which  dia- 
pause was  induced  in  the  laboratory  at  12L:12D  and 
18°C  had  20%  less  lipids  (0.164 mg). 

Zhou  et  al.  (1995)  reported,  also  for  the  Czech 
Republic,  a slightly  higher  content  of  fat  in  C.  septem- 
punctata females,  sampled  in  mid-September  in  moun- 
tains (1420m  a.s.l.:  9.4mg  per  individual)  than  in 
those  from  a hill  (400m  a.s.l.:  8.9  mg  per  individual). 
During  hibernation  there  was  a lower  decrease  in  fat 
content  at  the  higher  altitude  (to  6.6  mg  per  individual, 
i.e.  by  about  30%)  than  at  lower  sites  (to  4.9  mg  per 
individual,  i.e.  a decrease  of  about  50%). 

To  monitor  changes  during  dormancy,  it  is  advis- 
able to  express  lipids  and  glycogen  in  absolute  values 
of  weight  per  specimen.  Then  changes  in  individual 
components  of  body  weight  are  independent,  unlike 
the  situation  if.  for  example,  lipids  are  expressed  as  per- 
centage of  dry  or  fresh  weight.  Whereas  in  reality  the 
fat  content  in  Cer.  undecimnotata  males  substantially 
decreased  from  late  August  to  late  October  from  6.4 
to  3.6mg  per  beetle,  i.e.  by  44%,  in  the  relative 
expression,  in  contrast,  the  initial  41%  of  fat  per  dry 
weight  only  falls  to  38%  (Hodek  & Cerkasov  1963). 
While  the  latter  expression  is  an  important  drawback, 
some  authors  use  it  and  thus  their  data  have  to  be 
reported  here  in  this  way.  Weights  that  follow  are  all 
given  as  absolute  weight  per  individual  unless  stated 
otherwise. 

In  Cer.  undecimnotata  6-7  mg  of  fat  per  female  were 
recovered  in  late  August,  i.e.  about  40%  weight 
(Hodek  & Cerkasov  1963).  As  the  first  sample  was 
taken  1 month  after  the  arrival  of  the  beetles  in  the 
hibernation  sites,  it  can  be  supposed  that  the  initial  fat 
content  was  substantially  higher.  Ceratomegilla  undec- 
ininotata  has  the  highest  relative  fat  content  of  all 


insect  species  which  were  analyzed  before  this  study.  In 
three  coccinellid  species,  Hariri  (1966)  found  5-9  mg 
fat  per  beetle  in  the  much  heavier  C.  septempunctata, 
1-3  mg  in  A.  bipunctata  and  1-2  mg  in  P.  quatuor- 
decimpiinctata.  Coccidophagous  Chil.  rubidus  only 
has  26.5%  dry  weight  as  fat  at  the  beginning  of  hiber- 
nation (Pantyukhov  1968b)  and  Chil.  renipustula- 
tiis  25%  (Pantyukhov  1968a)  or  20%  (Pantyukhov 
1965). 

Two  Australian  coccinellids,  the  aphidophagous 
Apolinus  lividigaster  and  the  mycophagous  Illeis 
galbula,  doubled  their  fat  content  before  reproductive 
diapause  to  about  20-30%.  Fat  deposition  was  associ- 
ated with  consumption  of  alternative  food  such  as 
pollen  (Anderson  1981). 

While  Jean  et  al.  (1990)  recorded  only  1.9  mg  of  fat 
for  Col.  maculata  (comparable  to  the  values  above)  in 
November,  Labrie  et  al.  (2008)  reported  a surprisingly 
high  content  of  lipids  in  this  species,  also  in  Quebec 
and  also  in  November:  73.2%  of  dry  weight  in  females 
and  61.4%  in  males.  The  values  of  the  latter  authors 
forffar.  axyridis  were  in  the  usual  range  of  35.5%  in 
females  and  26.4%  in  males. 

Rate  of  decrease 

The  decrease  in  the  substantial  fat  reserves  during 
hibernation  is  drastic:  for  example,  during  the  8 
months  of  dormancy  of  Cer  undecimnotata  the  absolute 
amount  of  fat  decreased  to  a mere  quarter  (Hodek 
& Cerkasov  1963). 

This  decrease  is  much  smaller  in  some  Heteroptera 
and  Coleoptera  (Hodek  1996,  p.  248)  which  hibernate 
in  soil,  isolated  from  temperature  changes.  The  propor- 
tions of  the  initial  fat  content  consumed  throughout 
the  whole  hibernation  period  in  C.  septempunctata,  A. 
bipunctata  and  P quatuordecimpunctata  were,  for  males 
and  females,  respectively,  as  follows:  49  and  61,  75  and 
87,  and  71  and  60%  (Hariri  1966).  Chil.  rubidus 
catabolized  32%  of  the  initial  amount  of  fat  during 
dormancy  (Pantyukhov  1968b). 

The  rate  of  decrease  in  fat  reserves  in  Cer.  undec- 
imnotata is  related  to  the  impact  of  ambient 
temperature.  The  rapid  decrease  in  fat  content 
commences  in  late  summer  and  early  autumn.  In 
September  1957  it  was  0.082  mg  of  lipids  per  day,  and 
in  October  1958  0.022 mg  per  day.  During  the  cold 
period  of  November  to  March  the  decrease  of  fat  was 
0.009  mg  per  day.  In  April  and  early  May  the  utilization 
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of  fat  reserves  again  increased,  and  varied  in  the  three 
springs  studied  due  to  different  temperatures:  the 
decrease  of  fat  in  Cer.  undecimnotata  males  amounted 
to  0.018  mg,  0.045  mg  and  0.02  7 mg  per  day  in  1957, 
1958  and  1959,  respectively  (Hodek  & Cerkasov 
1963).  Findings  by  Hariri  (1966)  and  (Pantyukhov 
1968a,  b)  agree  with  the  above. 

Also  in  the  small  Aphidecta  obliterata  fat  reserves 
decreased  in  early  diapause  from  0.75  to  0.5  mg  per 
beetle,  then  remained  unchanged  during  hibernation 
and  decreased  again  in  spring  from  April  to  May  to 
0.3  mg  per  female  (Parry  1980).  Even  taking  into 
account  that  adults  of  A.  obliterata  are  small,  the  fat 
content  is  still  rather  low.  In  A.  bipunctata  adults,  the 
initial  fat  content  of  3.3  mg  per  beetle  (54%  dry  weight 
in  August  and  September)  was  reduced  to  1 .2  mg  (30% 
dry  weight  in  April).  The  average  daily  consumption 
was  0.01  mg  fat  per  day  (Mills  1981).  This  rate  of 
decrease  was  very  similar  to  0.009  mg  fat  per  day  cal- 
culated for  Cer.  undecimnotata  above  (Hodek  & Cerkasov 
1963). 

A laboratory  experiment  established  the  effect  of  six 
temperatures  on  the  decrease  in  lipid  reserves  and  sur- 
vival in  diapausing  adults  of  Col.  maculata  lengi 
(Jean  et  al.  1990).  At  the  start  of  the  experiment  in 
November,  lipid  reserves  averaged  1.9  mg  per  insect 
and  they  diminished  rapidly  as  the  temperature 
increased.  The  rate  of  lipid  decrease  was  significantly 
higher  at  20,  10,  4 (and  strangely  also  at  -10°C)  than 
at  -0.5  and  -4°C.  The  relationship  between  tempera- 
ture and  daily  lipid  consumption  was  stable  between 
-0.5  and  -4°C  and  exponential  between  0 and  20°C 
(Jean  et  al.  1990). 

Just  before  emerging  from  hibernation,  Cer.  undec- 
imnotata males  contained  17-19%  and  females 
18-22%  dry  weight  as  fat  (Hodek  & Cerkasov  1963), 
A.  bipunctata  14%,  P.  quatuordecimpunctata  19%  and 
C.  septempunctata  23%  dry  weight  (Hariri  1966). 

Sexual  differences 

On  most  occasions  in  the  study  by  Hodek  and  Cerkasov 
(1963),  Cer.  undecimnotata  females  had  a higher  abso- 
lute fat  content  (by  0.1-1. 2 mg)  than  males.  Taking 
the  amount  of  fat  in  males  as  100%,  then  that  in 
females  ranged  between  100  and  160%.  In  the  three 
species  studied  by  Hariri  (1966),  females  contained  1.4 
to  1.7  times  more  fat  than  males  at  the  start  of 
hibernation. 


In  addition  to  recording  fat  content,  Pantyukhov 
(1968b)  also  observed  changes  in  the  iodine  number 
during  hibernation  of  Chil.  rubidus.  Although  the 
‘iodine  number’  before  the  onset  of  frosts  in  Septem- 
ber and  October  amounted  to  88-89,  in  January  and 
February  this  index  of  the  proportion  of  unsaturated 
fatty  acids  in  fat  rose  to  93-94.  As  the  unsaturated 
acids  have  a lower  freezing  point  than  the  saturated 
ones,  their  rise  would  increase  cold  resistance.  In  Chil. 
renipustulatus  (Pantyukhov  1965)  similar  increases  in 
the  iodine  number  from  autumn  (59-60)  to  winter 
(62-64)  was  observed. 

6. 4.2. 2 Glycogen 

Like  lipids,  glycogen  reserves  are  accumulated  during 
pre-diapause.  However,  glycogen  is  unstable  in  com- 
parison with  the  more  stable  fat;  thus  both  absolute 
and  relative  glycogen  content  greatly  fluctuated  in  the 
course  of  dormancy  in  Cer.  undecimnotata  (Hodek  & 
Cerkasov  1963). 

The  amount  of  glycogen  in  dormant  coccinellids 
was  roughly  10  times  less  than  the  amount  of  fat  (for  a 
comparison  among  four  species  see  Hodek  1996, 
p.  2 5 1 ) . In  late  August  Cer.  undecimnotata  adults  had 
about  0.4  mg  of  glycogen  per  beetle  which  represented 
about  2-3%  of  dry  weight  (Hodek  & Cerkasov  1963; 
Hodek  1996,  table  7.03  therein).  Values  ascertained 
by  Hariri  (1966)  for  A.  bipunctata  in  mid-October  are 
one-tenth  of  those  for  Cer.  undecimnotata  - 0.04  mg  of 
glycogen  per  beetle.  In  contrast  to  the  above  aphidopha- 
gous  coccinellids,  the  coccidophagous  ladybirds  of  the 
genus  Chilocorus  are  reported  to  contain  much  more 
glycogen  (10-12%  of  dry  weight)  at  the  beginning  of 
diapause  (Pantyukhov  1965, 1968a,  b). 

Rate  of  decrease 

In  all  coccinellid  species  studied,  glycogen  content 
decreased  during  dormancy.  In  Cer  undecimnotata  the 
rate  of  decrease  (as  for  fat  content)  depended  on  tem- 
perature. In  late  summer  and  early  autumn  the 
decrease  was  very  steep  so  that  the  daily  decrease 
averaged  2.5  jig  in  males  and  2.8  pg  in  females.  During 
the  8 months  of  dormancy  in  Cer.  undecimnotata, 
glycogen  decreased  in  males  to  about  22%  and  in 
females  to  25%  of  the  initial  amount  (Hodek  & Cer- 
kasov 1963). 
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Before  emergence  from  the  dormancy  site,  Cer.  undec- 
imnotata  contained  50-85  |tg  and  90-105  |tg  of  glyco- 
gen in  males  and  females  respectively,  which  equalled 
0.7-1. 3%  of  dry  weight.  In  A.  bipunctata  it  was  5-8  |J,g 
in  males  and  6-9  |tg  in  females  and  equalled  about 
0.2%  of  dry  weight  (Hodek  & Cerkasov  1963). 

Sexual  differences 

Markedly  higher  absolute  glycogen  content  was  found 
in  females  than  in  males  of  Cer.  undecimnotata:  if  the 
content  in  males  is  taken  as  100%.  then  the  amount  of 
glycogen  in  females  represented  100-200%  (Hodek  & 
Cerkasov  1963).  At  the  start  of  hibernation,  C.  septem- 
punctata  and  A.  bipunctata  females  again  contained 
more  glycogen  than  did  the  males,  whereas  both 
genders  of  P.  quatuordecimpunctata  contained  almost 
equal  amounts  (Hariri  1966). 

Since  glycerol  and  other  polyols  are  responsible  for 
frost  resistance  in  some  insects,  both  fat  and  glycogen 
must  be  considered  not  only  as  a source  of  energy,  but 
also  as  precursors  for  polyols  (6.4.4). 

6.4.2. 3 Water 

Water  content  in  monthly  samples  of  Hip.  convergens 
taken  from  Sierra  Nevada  aggregations  remained 
remarkably  constant  (Hagen  1962).  Also  in  Cer.  undec- 
imnotata there  was  no  general  tendency  for  a decrease 
or  increase  in  absolute  water  content  during  the  8 
months  of  dormancy  (Hodek  & Cerkasov  1963).  The 
water  content  usually  amounted  to  10-12  mg  per 
male  and  to  ll-14mg  per  female.  The  continual 
increase  in  the  relative  water  content  from  about 
50-55%  to  about  60-63%  which  has  been  observed 
during  dormancy  is  simply  caused  by  the  fall  in  dry 
weight,  particularly  of  fat.  The  same  applies  for  the 
increase  to  64  and  68%  from  January  to  April  in  Chil. 
renipustulatus  and  Chil.  rubidus  (Pantyukhov  1965, 
1968a,  b). 

Beetles  may  increase  their  body  water  content  by 
drinking  or  by  the  production  of  metabolic  water 
when  splitting  fat.  The  loss  of  body  water  by  transpi- 
ration is  affected  by  air  humidity.  Hagen  (1962) 
assumes,  for  Hip.  convergens,  that  the  water  balance  is 
maintained  by  imbibing  water.  If  the  beetles  from 
aggregations  are  kept  in  a refrigerator  for  a month  or 
so  in  the  absence  of  litter,  a distinct  water  loss  results. 
When  these  beetles  are  then  exposed  to  water,  they 
drink  avidly.  In  field  samples  of  Cer.  undecimnotata, 


increases  in  water  content  usually  coincided  with 
rainfall  and  high  humidity  of  the  air,  while  decreases 
coincided  with  drought  (Hodek  & Cerkasov  1963). 

6.4. 2.4  Metabolic  rate 

Consistent  with  one  of  the  adaptive  roles  of  diapause 
(6.1),  its  onset  is  invariably  associated  with  a strik- 
ing drop  in  the  metabolic  level  (Tauber  et  al.  1986, 
Hanks  1987),  e.g.  in  the  chrysomelid  Leptinotarsa 
decemlineata  a drop  to  15-20%  of  the  normal  respira- 
tory rate  was  observed  in  dormant  beetles  (He  Wilde 
1969). 

A decrease  in  oxygen  consumption  has  also  been 
demonstrated  in  diapausing  coccinellids.  When  meas- 
uring the  respiratory  rate  at  18°C  in  diapausing  Hip. 
convergens,  Stewart  et  al.  (1967)  obtained  the  value  of 
12pl02/beetle/h  immediately  after  the  arrival  at  the 
aestivation  sites  in  the  Pinnacle  mountains  (Arkansas, 
USA)  in  late  June.  From  July  to  February,  oxygen  con- 
sumption fluctuated  between  5 and  9)0,1,  while  in 
reproducing  beetles  in  the  lowlands  it  was  29|ol  in 
March.  During  diapause,  the  level  of  metabolism  was 
thus  reduced  to  about  30  to  15%. 

In  diapausing  Col.  maculata  lengi  from  Vermont 
(USA)  the  metabolic  rate  was  low  (0.18  |ol  02/mg  body 
weight/ 1 5 min) , but  was  about  twice  higher  in  summer 
samples  (0.34|ol 02/mg  /15min;  Parker  et  al.  1977). 

In  two  diapausing  ladybirds.  Hip.  convergens  and  Col. 
maculata,  Lee  (1980b)  compared  the  effects  of  cold 
acclimation  at  6°C  and  warm  acclimation  at  20°C 
on  the  oxygen  consumption  within  a range  of  five 
temperatures  from  0 to  20°C.  Within  this  temperature 
range  the  respiration  rate  in  cold  acclimated  Hip. 
convergens  increased  from  0.1  to  0.75|tl02/mg/h  and 
in  warm  acclimated  beetles  the  values  at  all  five 
temperatures  were  slightly  but  significantly  lower  by 
0.05-0.2  |j.l02/mg/h.  In  Col.  maculata  this  effect  was 
reversed:  the  five  oxygen  consumption  levels  were 
lower  in  cold  acclimated  beetles . Lee  (1989a)  attributes 
these  reversed  responses  to  different  acclimation 
temperatures  associated  with  the  different  type  of 
hibernation  sites  of  the  two  species:  Hip.  convergens  is 
more  exposed  to  ambient  temperatures  (6. 3. 2. 7),  while 
Col.  maculata  hibernates  in  leaf  litter  under  a snow 
cover  (6. 3. 2. 4).  In  a later  experiment.  Hip.  convergens 
was  collected  in  January  and  held  for  6 weeks  in  the 
dark  and  at  4°C,  and  the  metabolic  rate  was  measured 
after  exposure  to  20°C  and  12L:12D;  within  14  days 
the  oxygen  consumption  decreased  to  40%  of  the 
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initial  value,  from  1.13  to  about  0.5|J,102/mg/h 
(Bennett  & Lee  1989). 

Pantyukhov  (1968a,  b)  similarly  recorded  a much 
lower  oxygen  consumption  in  diapausing  Chil.  rubidus 
(0.1  |.il02/mg/h ) than  in  active  adults  (0.8  |0,lO2/mg/h) 
(Pantyukhov  1968a),  and  similar  difference  between 
diapausing  Chil.  renipustulatus  (0.52|o,102/mg/h  ) and 
active  adults  (1.25|J,102/mg/h  ) (Pantyukhov  1968b). 
Oxygen  consumption  by  diapausing  Chil.  bipustulatus 
females  reared  in  the  laboratory  was  only  a little  more 
than  half  that  of  non-diapausing  individuals  (Tadmor 
& Applebaum  1971). 

In  Japan,  Sakurai  (1969)  ascertained  a decrease  in 
respiration  rate  from  2-3  pi  02/mg/h  in  active  beetles  to 

0. 4-1. 3 PIO2  in  C.  s.  bmcki  during  aestivation  diapause 
(measured  at  30°C).  Hibernating  Cer.  undecimnotata 
have  a respiration  rate  around  0.8  pi  02/mg/h  (meas- 
ured at  25°C)  but,  if  re-activated  in  the  laboratory, 
the  beetles  show  a doubled  oxygen  consumption,  so 
that  in  ovipositing  females  it  amounts  to  1.6  (1. 1-2.0) 
pi  02/mg/h  (Hodek  & Cerkasov  1958,  Hodek  1970).  In 
populations  of  A.  obliterata  from  eastern  Scotland  the 
lowest  level  of  respiration  (1.43  pi  02/mg/h,  measured 
at  20°C)  was  recorded  in  diapausing  adults  in  mid- 
February,  while  the  metabolic  rate  of  post-hibernating 
beetles  in  early  May  was  almost  three  times  higher  at 
3.63  pi  02/mg/h  (Parry  1980). 

6.4.3  Corpora  allata  and  regulation 
of  vitellogenesis 

As  in  other  insects,  reproduction  and  adult  diapause  of 
coccinellids  are  regulated  by  the  neuroendocrine 
system  (see  also  6.1.4).  While  evidence  for  the  transfer 
of  environmental  signals  to  the  neurosecretory  cells 
of  the  pars  intercerebralis  of  the  brain  and  for  the 
secretion  and  function  of  the  brain  hormone  is  still 
missing  in  coccinellids,  there  are  some  data  on  the  sub- 
sequent pathways  of  the  neuroendocrine  regulation, 

1. e.  on  the  action  of  the  juvenile  hormone  (JH) 
secreted  by  the  corpora  allata  (CA).  In  reproducing 
males,  JH  stimulates  the  development  of  the  accessory 
glands  and,  in  the  maturation  of  the  ovaries,  JH  is 
necessary  for  the  synthesis  of  vitellogenins  which 
are  deposited  in  the  developing  oocytes  as  yolk  pro- 
teins (vitellins).  Although  the  active  inhibition  of 
the  CA  found  in  a heteropteran,  Pyrrhocoris  apterus 
(Hodkova  1976,  Hodkova  et  al.  2001),  may  be  a 
general  feature  in  adult  diapause  of  insects,  we  still 


lack  similar  evidence  for  coccinellids.  Most  data  are 
concerned  only  with  the  so-called  ‘passive  inhibi- 
tion’ due  to  the  inactivity  of  the  CA  or  the  very  low 
titre  of  JH  during  adult  diapause.  All  data  have  come 
from  only  two  coccinellid  species:  C.  septempunctata 
and  Cer.  undecimnotata. 

The  volume  of  the  CA  is  the  usual  measure  of  their 
activity,  but  this  has  been  questioned.  In  the  bivoltine 
C.  s.  brucki,  the  size  of  the  CA  in  hibernating  beetles  is 
similar  to  that  in  active  beetles,  but  more  than  twice 
as  large  as  during  aestivation  (Sakurai  et  al.  1981b, 
1983).  This  has  been  interpreted  as  one  of  the 
important  indications  that  aestivating  adults  of  this 
subspecies  enter  diapause,  while  hibernation  is  a mere 
quiescence.  Also  during  the  hibernation  diapause  of 
the  central  European  population  of  C.  s.  septempunc- 
tata, the  onset  of  diapause  was  accompanied  by  a 
decrease  in  the  size  of  the  CA.  In  spring,  the  CA 
increased  in  size  again  with  the  resumption  of  activity 
and  with  the  progress  of  ovarian  maturation  (Okuda 
1984,  Okuda  etal.  1986).  In  the  same  region  the  same 
tendency  was  observed  in  Cer.  undecimnotata  (Okuda 
1984,  Okuda  & Hodek  1989). 

One  of  the  ways  in  which  the  function  of  JH  in  the 
reproductive  activity  of  females  can  be  demonstrated 
is  the  monitoring  of  electrophoretic  patterns  of 
haemolymph  proteins.  Topical  application  of  a JH- 
analogue  (methoprene)  to  aestivating  (i.e.  diapausing) 
females  of  C.  s.  brucki  caused  the  disappearance  of 
bands  specific  for  diapause,  while  a band  appeared 
which  was  presumed  to  be  vitellogenin.  That  band  also 
appeared  in  late  May  and  in  mid-October,  i.e,  during, 
respectively,  the  spring  and  autumnal  reproduction 
periods  of  young  adults.  It  remains  to  be  established 
why  a distinct  band  of  vitellogenin  was  not  found  after 
aestivation  in  late  September  though  it  was  very  dis- 
tinct after  hibernation  in  mid-April  (Sakurai  et  al. 
1987b). 

Okuda  and  Chinzei  (1988)  studied  the  synthesis  of 
vitellogenin,  the  yolk-protein  precursor  in  C.  s.  brucki. 
While  in  pre-diapause  the  vitellogenin  level  was  negli- 
gible and  not  detectable  during  aestivation  diapause,  it 
did  occur  after  diapause,  but  then  only  after  feeding. 

Electrophoretic  methods  were  also  used  to  inves- 
tigate the  synthesis  of  vitellogenin  in  individual  organs 
in  C.  septempunctata.  Synthesis  was  observed  in  the  fat 
body  and  to  a lesser  extent  in  the  ovaries  of  mature 
females.  Vitellogenin  synthesis  was  not  detectable  in 
the  brain  or  the  thoracic  muscles  of  mature  females,  or 
in  the  fat  body  of  males  (Zhai  et  al.  1984).  When  the 
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coccinellids  were  reared  on  a substitute  diet  (raw  pig 
liver,  honey  and  sugar;  Chapter  5.2.10)  very  low  vitel- 
logenin synthesis  occurred;  this  was  consistent  with 
the  observation  that  the  oocytes  in  most  females 
developed  only  to  the  pre-vitellogenic  stage  (Zhai  et  al. 

1984) .  The  synthesis  of  vitellogenin  in  the  fat  body  of 
non-reproductive  females  fed  on  a substitute  diet  was 
induced  by  a JH-analogue  (Zhai  & Zhang  1984,  Zhang 
&Zhai  1985). 

Quantitative  changes  of  vitellogenin  synthesis  in  the 
fat  body  and  the  ovary  were  studied  by  radioimmu- 
noassay in  C.  septempunctata.  The  fat  body  secreted 
more  than  90%  of  the  vitellogenin  newly  synthesized 
there,  whereas  the  ovaries  retained  most  of  the  vitello- 
genin they  synthesized.  The  vitellogenin  synthesized 
in  the  ovaries  of  active  vitellogenic  females  was 
about  20%  of  that  produced  in  the  fat  body  (Zhai  et  al. 

1985) . 

The  correlation  between  the  activity  of  the  CA  (i.e. 
synthesis  of  JH)  and  the  development  of  oocytes  was 
documented  also  in  C.  septempunctata,  with  both  a bio- 
assay using  the  wax  moth.  Galleria  mellonella  (Fu  & 
Chen  1984)  and  a short-term  radiochemical  assay 
(Guan&Chen  1986). 


6.4.4  Cold-hardiness 

Studies  focussing  on  the  effect  of  low  temperatures  on 
coccinellids  are  of  practical  importance  when  a species 
has  been  introduced  to  a different  climate  for  biological 
control,  and  the  potential  for  survival  in  the  new 
region  needs  to  be  estimated.  This  was  done  for  Rar. 
axyridis  after  invasion  to  the  Nearctic  region  (see 
below). 

The  level  of  cold-hardiness  achieved  at  the  onset  of 
diapause  as  a result  of  the  diapause  syndrome  is 
usually  increased  through  cold  acclimation  under 
the  influence  of  decreasing  temperatures  in  winter. 
Paradoxically,  this  process  may  continue  after  the 
winter  solstice,  after  the  end  of  diapause  (Hodkova  & 
Hodek  2004).  As  the  temperature  falls,  supercooling 
occurs  which  is  followed  by  the  freezing  of  the  tissues 
accompanied  by  a rapid  rise  in  internal  temperature. 
The  external  temperature  at  which  this  occurs  is 
defined  as  the  supercooling  point  (SCP).  For  the 
general  theory  of  cold-hardiness  and  definitions  of 
terms  seeSalt  (1961, 1964),  Lee  and  Denlinger  (1991), 
Leather  et  al.  (1993)  and  Hodkova  and  Hodek  (2004). 


The  results  obtained  for  coccinellids  are  similar  to 
those  for  most  insects.  Resistance  to  temperatures 
below  zero  is  rather  high  in  the  middle  of  dormancy, 
after  cold  acclimation  resulting  from  the  gradual 
decrease  in  temperature.  Early  or  late  frosts,  however, 
can  be  damaging.  The  degree  of  cold-hardiness  varies 
naturally  in  different  species  and  is  related  to  their  type 
of  hibernation.  Subnivean  species  which  hibernate  in 
litter,  and  are  usually  covered  by  snow,  are  certainly 
more  sensitive  to  freezing  than  the  more  exposed 
supranivean  species  which  hibernate  in  crevices  of 
bark  or  rocks. 

Early  evidence  for  cold-hardiness  in  coccinellids 
came  from  the  studies  by  Pantyukhov  on  two  Chiloco- 
rus  species.  The  common  Chil.  bipustidatus  has  low 
cold-hardiness.  Most  individuals  have  their  supercool- 
ing point  at  -8  to  -9°C,  the  limit  for  survival  being  -10 
to  -12°C  (Pantyukhov  1965).  A prolonged  decrease  in 
temperature  down  to  -5  to  -6°C  at  the  soil  surface  in 
the  hibernation  sites  causes  rather  high  mortality. 
Considerable  mortality  is  to  be  expected  where  there  is 
a thin  snow  cover  or  where  the  spring  temperature 
fluctuates.  A considerable  increase  of  cold-hardiness 
in  Chil.  ruhidus  was  recorded  between  September  and 
January  (Pantyukhov  1968a).  In  spring  the  cold- 
hardiness decreased  again.  Similar  changes  have  been 
noticed  in  measurements  of  the  supercooling  points 
(Table  6.19).  The  lowest  temperature  that  could  still  be 
survived  by  a considerable  number  of  beetles  (40%)  in 
January  was  -13.5°C  for  2 days.  Chil.  ruhidus  hiber- 
nates in  the  litter  and,  if  this  is  additionally  covered  by 
a sufficient  layer  of  snow,  this  subnivean  beetle  is  not 
exposed  to  extreme  low  temperatures.  In  the  Peters- 
burg region,  Pantyukhov  (1968b)  measured  the 
minimum  temperature  on  the  ground  under  the 
snow.  In  the  winter  of  1964/65  this  was  -2.5°C,  and 
-7°C  the  next  winter;  the  survival  of  the  beetles  was 
67-82%  and  52-70%,  respectively.  By  contrast,  in 
Alma-Ata,  Kazakhstan,  where  the  minimum  tempera- 
ture (without  snow)  was  -10°C,  only  12%  of  the 
beetles  survived.  In  the  Far  East  region  of  Russia  the 
survival  was  21%  (Pantyukhov  1968b). 

In  the  freezing-intolerant  Aphidecta  obliterata 
(overwintering  beneath  bark,  the  supercooling  points 
of  adults  without  visible  gut  contents  were  much 
lower  (in  late  autumn  from  -28.0  to  -30.2°C  ) than 
those  of  the  more  abundant  adults  with  guts  contain- 
ing food  material  (from  -13.7  to  -13.0°C)  (Parry 
1980).  The  difference  is  evidently  caused  by  gut 
contents  forming  nucleating  agents  for  freezing. 
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Table  6.19  Supercooling  point  and  freezing  point  in  Chilocorus  rubidus 
(Pantyukhov  1968a). 

Supercooling  point  (°C)  Freezing  point  (°C) 


Months 

n 

aver. 

min. 

max. 

aver. 

min. 

max. 

Sep. 

41 

-8.2 

-2.7 

-14.2 

-2.6 

-0.4 

-5.2 

Dec. 

57 

-13.2 

-4.9 

-17.4 

-3.2 

-0.7 

-6.8 

Jan. 

50 

-12.9 

-4.3 

-17.2 

-3.2 

-0.8 

-6.7 

Feb. 

40 

-13.5 

-5.6 

-17.8 

-3.4 

-1.1 

-6.9 

April 

32 

-3.4 

-0.2 

-5.5 

-0.8 

-0.1 

-2.7 

Overwintering  with  the  digestive  tract  containing  food 
material  is  unusual  in  coccinellids,  and  may  be  associ- 
ated with  the  mild  climate  of  eastern  Scotland  where 
the  study  was  carried  out.  The  highest  mean  super- 
cooling point  in  spring  was  -7.5°C.  Aphidecta  ohliterata 
contains  no  polyols. 

Although  warm  winds  may  melt  the  snow  in  south- 
ern Alberta,  Canada,  Hip.  quinquesignata  can  be  consid- 
ered as  a subnivean  hibernator.  The  supercooling 
points  in  late  autumn  and  winter  averaged  between 
-18.5  and  -22.2°C,  with  maximum  supercooling 
capacity  around  -2  7°C.  In  spring,  before  dispersal,  the 
supercooling  point  was  higher,  with  means  between 
-12  and  -13°C  (Harper  & Lilly  1982).  In  outdoor 
beetles,  the  supercooling  point  correlated  well  with  the 
content  of  glycerol,  but  the  beetles  reared  in  the  labora- 
tory and  containing  no  glycerol  or  sorbitol,  still  super- 
cooled to  -18.5°C;  supercooling  is  evidently  also  due 
to  other  factors. 

Adalia  hipunctata  showed  a much  higher  resistance 
to  low  moisture  and  larger  extremes  of  temperature 
than  the  coccinellid  species  that  hibernate  in  litter 
(Novak  & Grenarova  1967).  When  placed  under  a roof 
or  into  the  crown  of  Picea  trees,  A.  hipunctata  suffered 
only  13  to  40%  mortality,  while  C.  septempunctata,  C. 
quinquepunctata  and  Exochomus  quadripustulatus  died 
out  completely  or  by  more  than  90%  within  4.5 
months  (mid-October  to  early  March).  There  were  no 
differences,  however,  in  the  winter  survival  in  the  grass 
environment  among  the  four  species  tested.  The  higher 
tolerance  of  A.  hipunctata  is  obviously  connected  with 
its  usual  hibernation  site  in  the  drier  microhabitat  of 
bark  crevices  where  it  is  not  protected  from  ambient 
extreme  conditions. 

The  low  survival  of  the  litter-hibernator  E.  quadri- 
pustulatus may  be  considered  surprising  as  very 
low  values  of  the  supercooling  point  (SCP)  were 


ascertained  in  hibernating  individuals  (Parry  1986, 
Nedved  1993).  Parry  emphasized  the  difference  in  the 
supercooling  point  in  late  October  between  A.  ohliterata 
(hibernating  in  bark  crevices  (SCP,  -14.3°C)  and  E. 
quadripustulatus  (SCP,  -19.4°C):  this  difference  was  the 
reverse  of  expectation.  The  samples  had,  however,  dif- 
ferent sources:  A.  ohliterata  adults  were  not  collected  in 
bark  crevices  but  from  the  needles  of  Douglas  fir.  This 
means  that  A.  ohliterata  was  still  feeding  and  would 
have  contained  food  material  in  the  gut  (see  above  in 
this  chapter),  while  E.  quadripustulatus  was  inactive  in 
the  litter. 

A detailed  comparison  has  been  undertaken  between 
Hip.  convergens  and  Col.  maculata  lengi,  which  are  both 
freezing-intolerant  insects.  The  diapausing  adults  col- 
lected from  hibernation  sites  were  stored  for  one  month 
in  screened  field  cages  covered  with  snow.  In  February, 
the  SCPs  were  similar  for  both  species:  -18°C  for  Col. 
m.  lengi  and  -1 5°C  for  Hip.  convergens.  However,  during 
an  exposure  of  five  days  to  25°C,  the  SCP  for  Col.  m. 
lengi  adults  increased  to  -9°C,  while  it  remained  low 
and  constant  for  Hip.  convergens  (Lee  1980b).  The  dif- 
ference could  again  be  related  to  the  condition  of  the 
hibernation  sites.  In  Lee's  supranivean  hibernacula, 
diapausing  Hip.  convergens  are  in  nature  exposed  to  the 
direct  influence  of  ambient  temperature  and  insolation 
(which  may  have  raised  the  body  temperature)  and 
have  evolved  an  adaptation  keeping  cold-hardiness 
resistant  to  temperature  impact.  In  contrast,  Col.  m. 
lengi  hibernates  in  subnivean  hibernacula  and  thus 
lacks  such  adaptation  (Lee  1980b). 

In  central  Europe  a comparison  was  made  between 
a subnivean  hibernator  C.  septempunctata  (mostly  in 
grass  tussocks),  and  Cer.  undecimnotata,  hibernating 
predominantly  in  snpranivean  sites  (rock  crevices). 
When  the  SCP  is  measured  in  samples  of  beetles  taken 
from  the  field  in  the  coldest  period,  the  values  for 
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Figure  6.14  Seasonal  changes  in  supercooling  point  in 
dormant  coccinellid  adults  (below)  and  temperature  means 
(above).  Coccinella  septernpimctata  collected  in  natural 
insulated  hibernacula  (grass  tussocks,  triangles):  C. 
septempunctata  exposed  in  outdoor  insectary  (crosses); 
Ceratomegilla  undecimnotata  exposed  in  outdoor  insectary 
(open  circles)  (from  Nedved  1993). 


C.  septempunctata  were  much  higher  than  for  Cer. 
undecimnotata  (Fig.  6.14).  The  lower  SCP  for  Cer.  undec- 
imnotata was  evidently  induced  by  the  exposure  to 
ambient  temperature.  When  the  adults  of  C.  septem- 
punctata were  transferred  from  their  insulated  hiber- 
naculum  to  a field-cage  (where  they  were  exposed  to 
ambient  temperature),  their  SCP  decreased  to  the  level 
of  Cer  undecimnotata  (Nedved  1993). 

The  importance  of  snow  cover  for  the  overwintering 
survival  was  also  reported  in  the  Texas  High  Plains 
for  seven  imported  coccinellid  species  (Michels  et  al. 
1997).  The  beetles  were  caged  on  native  grasses  during 
four  winter  periods.  Survival  ranged  from  59%  for 
Hip.  tredecimpunctata  to  only  3%  for  Scymnus  frontalis 
(Table  6.20).  Higher  survival  was  recorded  in  colder 
years  with  snow  cover.  An  absence  of  snow  cover 
combined  with  cold  temperature,  particularly  in  April 
and  May,  was  probably  detrimental  in  1993,  the  last 
year. 

The  SCP  is  not  always  a good  indicator  of  cold- 
hardiness. fn  Hip.  convergens  adults  exposed  at  the  end 
of  diapause  to  20°C  for  20  days  (Bennett  & Lee  1989), 
the  SCP  increased  only  slightly  from  -16  to  -12.9°C, 
while  the  survival  at  -5°C  for  2 hours  decreased 
strongly  from  almost  100%  to  only  50%,  The  adaptive 
maintenance  of  supercooling  discussed  in  an  earlier 
paper  by  Lee  (1980b)  may  thus  have  a lower  value  for 


Table  6.20  Overwintering  survival  in  caged  coccinellid 
adults  (Bushland,  Texas,  USA)  (Michels  et  al,  1997, 
modified). 


Percentage  survival 
by  year 

Species 

1990 

1991 

1992 

1993 

Snow  cover  (cm) 

45.7 

36.0 

57.2 

17.8 

Cycloneda  ancoralis 

— 

— 

12.9 

7.8 

Eriopis  connexa 

— 

— 

31.1 

2.7 

Hippodamia 

58.6 

— 

27.4 

— 

tredecimpunctata 

Hippodamia  variegata 

29.4 

20.4 

17.9 

4.3 

Oenopia  conglobata 

— 

— 

14.1 

10.9 

Propylea 

33.9 

25.6 

16.5 

— 

quatuordecimpunctata 

Scymnus  frontalis 

2.4 

5.1 

3.9 

— 

survival  than  expected.  With  Cer  undecimnotata, 
however,  the  survival  of  a 24  hour  exposure  to  low 
temperature  is  a good  match  to  changes  in  the  SCP 
(Nedved  1993).  Also  in  Har  axgridis,  the  SCP  was 
found  to  be  a good  indicator  of  cold-hardiness  for 
summer  and  winter  samples  from  Georgia  and  Min- 
nesota, USA.  It  decreased  by  about  12°C  from  August 
to  December  (Koch  et  al.  2004). 

Watanabe  (2002)  studied  Har  axgridis  in  a region 
with  mild  winters,  Tsukuba,  Japan  (36°N).  The 
seasonal  change  of  SCP  and  the  50%  lower  lethal 
temperature  were  both  at  their  minimum  in  winter 
between  December  and  February.  The  seasonal  change 
in  the  polyol  myo-inositol  was  well  and  negatively  cor- 
related with  the  changes  in  the  SCP  and  lower  lethal 
temperature  (Fig.  6.15).  Dynamics  of  SCP  during 
hibernation  indoor  and  outdoor  was  compared  in  Har 
axgridis  adults  (Berkvens  et  al.  2010;  Fig.  6.16). 

While  in  central  Japan  the  conditions  are  suitable 
for  winter  survival  of  Har  axgridis,  there  are  harder 
winters  in  cold  regions  of  North  America.  Although 
the  SCP  of  Har  axgridis  was  there  lower  in  winter 
(-23°C)  (it  was  only  -18°C  in  Japan),  this  evidently 
was  not  enough  for  survival  as  the  minimum  air  tem- 
peratures were  below  -23°C.  Therefore  survival  of 
extreme  winter  conditions  depends  on  finding  over- 
wintering sites  that  provide  adequate  insulation  (Car- 
rillo et  al.  2004).  Koch  et  al.  (2004)  recorded  100% 
mortality  after  24  hours  at  -20°C.  Outside  buildings, 
Labrie  et  al.  (2008)  did  not  observe  any  survival  in 
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Figure  6.1 5 Seasonal  changes  of  survival  rate  in  Hannonia  axyridis  adults  (a)  and  10-day-minimum  temperatures  in  an 
artificial  hibernaculum  (b).  Arrow,  date  of  first  observed  mating.  Seasonal  changes  of  supercooling  point  (SCP,  dashed  line 
with  open  circles)  and  50  % lower  lethal  temperature  (LLT50,  solid  line  with  closed  circles)  in  male  (c)  and  female  (d)  collected 
outdoors,  (e)  Seasonal  changes  of  m_yD-inositol  content  in  adults  (all  from  Watanabe  2002). 
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Figure  6.16  Supercooling  point  (mean  ± SE)  of  outdoor 
and  indoor  overwintering  Hannonia  axyridis  adults  (from 
Berkvens  et  al.  2010). 


the  winter  2003/2004  in  northeast  Canada,  when  the 
temperature  ranged  between  5 and  -25°C.  Adults 
hibernating  on  hill  tops  near  Montreal  ( 71-73  °W, 
45°N)  were  dead  at  the  end  of  winter  (G.  Labrie, 
unpublished) 

Size  and  melanism  can  both  affect  winter  sur- 
vival, as  shown  by  Osawa  (2001)  for  Hai:  axyridis. 
In  the  cold  winter  of  1987/88  (with  a great  tem- 
perature range)  a size-related  mortality  probably 
occurred  in  melanic  females,  with  melanic  females  in 
spring  1988  being  on  average  larger  than  in  spring 
1987.  Small  melanic  females  may  have  had  lower  sur- 
vival because  of  lower  reserves,  with  the  reserves 
exhausted  more  easily  in  melanics  because  of  their 
greater  heat  absorption  during  spells  of  warm  sunny 
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weather  (Osawa  2001).  Ohgushi  (1986)  showed  that 
it  was  sex-  and/or  size-dependent  mortality  that 
resulted  in  larger  adults  and  a higher  proportion  of 
females  after  overwintering  in  the  herbivorous 
Henosepilachna  niponica. 

Some  studies  have  aimed  at  finding  the  storage 
temperature  for  the  developmental  stages  of  lady- 
birds. Survival  of  eggs,  larvae  and  pupae  of  C. 
undecimpiinctata  was  quite  high  (65-85%)  after  7-day 
storage  at  6.0°C.  Survival  of  adults  was  longer  after 
5-lOdays  of  feeding  on  aphids  at28°Cwitha  14L:10D 
photoperiod  (50%),  than  when  the  adults  were  ex- 
posed to  cold  immediately  after  emergence  (30-40%) 
(Abdel-Salam  & Abdel-Baky  2000).  No  attempt  was 
made  to  induce  diapause,  which  would  have  increased 
the  survival  (Iperti  & Hodek  1974;  6.2.8).  Survival  of 
the  second  and  third  instars  of  Col.  macidata  lengi  at 
4 and  8°C  was  close  to  100%  for  the  first  two  weeks, 
but  decreased  drastically  to  60%  after  3 weeks  and  to 
0%  after  5 weeks.  Development  was  resumed  without 
negative  effects  when  the  2-week  larvae  were  returned 
to  24°C  (Gagne  & Coderre  2001). 


6.5  CONCLUSIONS  AND  LACUNAE 
IN  KNOWLEDGE 

Diapause  is  an  important  component  of  ladybirds’  life 
history.  Knowledge  of  its  timing  (particularly  of  its 
end)  is  undispensable  in  improving  biological  control. 
Although  the  once  popular  method  - using  ladybirds 
from  hibernation  aggregations  in  gardens  or  crop  fields 
- has  almost  been  abandoned  because  of  the  subse- 
quent fast  dispersal  of  the  released  ladybirds,  ecologi- 
cal methods  of  biological  control  and  IPM  depend  on 
understanding  when  and  why  the  ladybirds  arrive 
in  crops.  This  is  particularly  important  when  the 
crops  have  to  be  treated  beforehand,  e.g.  by  the  applica- 
tion of  alternative  foods  or  other  attractants  (see  Chap- 
ters 5 and  11). 

Similarly,  knowledge  about  voltinism  and  its  regu- 
lation is  needed  for  rational  support  of  ladybird  activ- 
ity in  the  field  or  for  rearing.  Without  insight  into  the 
role  of  photoperiod  in  diapause  induction,  one  may 
make  unrealistic  high  estimates  of  voltinism  when 
they  are  based  only  on  the  effect  of  temperature  on 
development. 

Apart  from  its  applied  aspects,  diapause  of  coccinel- 
lids  is  an  interesting  and  useful  model  for  research 


in  several  fields.  The  important  critical  remark  by  Slog- 
gett  (2005),  that  our  research  is  focused  on  only  a few 
coccinellid  species,  is  highly  applicable  to  diapause 
studies.  Only  lately,  when  Har.  axyridis  invaded  both 
America  and  Europe,  has  this  species  begun  to  compete 
for  research  interest  with  C.  septempunctata.  Surpris- 
ingly diapause  studies  have  not  focussed  on  A.  bipunc- 
tata,  popular  in  other  studies.  Not  only  have  most 
species  been  ignored,  but  even  in  monospecific 
studies,  numerous  for  C.  septempunctata.  intraspeciflc 
variation  has  rarely  been  considered.  Comparative 
studies  on  diapause  intensity  or  overwintering 
survival,  such  as  by  Hodek  et  al.  (1977)  and  Zhou 
et  al.  (1995),  have  remained  rare  and  should  be 
extended. 

Also,  geographic  variation  in  diapause  expres- 
sion (which  has  often  attracted  interest  in  other  insect 
groups)  has  been  a rare  topic  even  with  common  coc- 
cinellid species,  such  as  C.  septempunctata.  Yet  there  are 
clearly  regions  where  local  authors  could  make  inter- 
esting findings  (Mediterranean  Europe,  India)  because 
of  the  wide  temperature  and  photoperiod  ranges  there. 
‘One-off  visits  by  foreign  workers  can  produce  only 
fragmentary  results. 

Still  only  partly  solved  is  the  problem  why  migrating 
coccinellids  often  fly  to  prominent  structures  and 
repeatedly  visit  the  same  hibernation  sites.  What  is  the 
contribution  of  passive  transport  by  air  currents  versus 
active  flight  together  with  hypsotactic  orientation.? 
Similarly  open  is  the  role  of  various  taxes  versus  phe- 
romones in  the  formation  of  massive  aggregations 
(also  Chapter  9). 

Another  problem,  belonging  partly  to  the  sphere 
of  population  genetics,  is  the  inheritance  of  tenden- 
cies to  the  expression  of  univoltinism  and  multi- 
voltinism  (6.2.16).  Another  task  for  population 
genetics  is  how  the  seemingly  deleterious  (at  least 
from  the  view  of  optimal  foraging  theory  (OFT))  trait 
to  overproduction  of  offspring  in  some  species  is 
perpetuated.  Is  an  increased  variance  a satisfactory 
benefit  in  the  trade-off  between  the  ‘OFT  economy'  and 
the  overproduction  of  offspring.? 

One  of  important  adaptations,  essential  for  the 
aphidophagous  coccinellids,  but  analyzed  rather 
exceptionally  (Osawa  2005),  is  the  postponement  of 
egg  laying  and  reversible  resorption  of  eggs. 

It  is  a pity  that  the  frequency  of  studies  focussed  on 
diapause  decreased  in  the  last  two  decades.  Hopefully, 
the  above-mentioned  topics  show  that  such  research  is 
rewarding. 
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7.1  SCOPE 

This  chapter  deals  with  interactions  between  coc- 
cinellid  species,  and  between  coccinellids  and 
other  intraguild  organisms.  Intraspeciflc  predation 
(cannibalism:  5.2.8).  interactions  with  the  extraguild 
prey  (Chapters  5 and  11),  interactions  with  non-guild 
natural  enemies  (Chapter  8)  and  intraspeciflc  competi- 
tion will  not  be  discussed  here. 


7.2  COCCINELLIDS  AS 
GUILD  MEMBERS 

A guild  is  a group  of  species  in  a community  that 
share  similar  resources  (food  or  space)  regardless  of 
differences  in  tactics  of  resource  acquisition  and  in 
taxonomic  position  (Polis  et  al.  1989).  More  than 
4000  coccinellid  species  belong  to  guilds  according 
to  their  essential  food,  ensuring  the  completion  of 
larval  development  and  oviposition  (Hodek  1996; 
5.2.1  and  5.2.11:Fig.  5.1).  However,  most  predaceous 
coccinellid  species  also  exploit  alternative  food 
sources.  Hai:  axyridis  for  example  consumes  not  only 
aphids  and  coccids,  hut  also  non-hemipteran  prey 
(McLure  1986,  Lucas  et  al.  1997b,  1998b,  2002, 
2004a;.  5.2.7)  and  material  of  plant  origin  such  as 
pollen  and  nectar  (Kovach  2004,  Lucas  et  al.  2007a; 
5.2.9).  This  species  is  also  an  intraguild  predator 
(Alhmedi  et  al.  2010:  7.8). 

The  guild  of  a coccinellid  species  may  change  with 
season  (Triltsch  1997).  In  Eastern  Canada,  most  tem- 
perate aphidophagous  species  are  pollinivorous 
during  spring  (when  animal  prey  is  scarce)  and  later 
become  zoophagous.  Several  species,  such  as  Hai: 
axyridis,  become  frugivorous  in  autumn  (Kovach 
2004,  Lucas  et  al.  2007a).  Col.  macidata  is  a zoophy- 
tophagous  species  completing  its  life  cycle  on  plant  or 
animal  material  (5.2.9). 

Apart  from  ladybirds  (e.g.  Evans  1991,  Loevei  et  al. 
1991,  Lucas  et  al.  2007b).  the  guilds  include  also  non- 
coccinellid  predators,  parasitoids,  and  pathogens 
(e.g.  Obrycki  & Tauber  1985,  Coderre  & Tourneur 
1986.  Brown  2004). 


7.3  COCCINELLIDS  AS  NEUTRALISTS 

Coccinellids  avoid  interacting  with  other  intraguild 
members  by  evolutionary  or  ecological  mecha- 


nisms. Partition  of  the  niche  allows  coexistence  of 
species  exploiting  the  same  resource. 

7.3.1  Temporal  guild  partition 

Temporal  guild  partition  has  often  been  reported 
(Lovei  & Radwan  1988,  Musser  & Shelton  2003, 
Brown  2004,  Dixon  2007).  The  activity  of  predators 
exploiting  Adelges  tsugae  varies  diurnally,  some  being 
more  active  at  night  (Flowers  et  al.  2007).  Also  Inter- 
actions between  A.  bipunctata  and  Har.  axyridis  in  Japan 
may  be  avoided  by  desynchronisation  of  their  occur- 
rences (Toda  & Sakuratani  2006). 

7.3.2  Spatial  guild  partition 

Adults  and  larvae  of  co-occurring  species  commonly 
exploit  different  plant  parts/heights  (Coderre  & 
Tourneur  1986,  Coderre  et  al.  1987,  Chang  1996, 
Schellhorn  & Andow  1999a,  Lucas  et  al.  2002,  Musser 
& Shelton  2003,  Hoogendoorn  & Heimpel  2004,  Evans 
& Toler  2007,  Flowers  et  al.  2007).  They  may  also 
avoid  interactions  by  changing  their  within-plant 
distribution  (Hoogendoorn  & Heimpel  2004).  Plant 
and  habitat  characteristics  may  have  an  impact 
on  foraging  efficiency  or  influence  contact  between 
intraguild  competitors  (Lucas  & Brodeur  1999,  Lucas 
et  al.  2004c,  Janssen  et  al.  2007).  Coccinella  transver- 
soguttata  and  Scymnus  lacustris  dominate  in  younger 
red  pine  stands,  whereas  Mulsantina  picta  and  Anatis 
mali  do  so  in  older  stands  (Gagne  & Martin  1968).  Coc- 
cinellids were  more  abundant  on  yellow  (nutrient- 
stressed)  maize  plants  than  on  control  (greener)  plants, 
while  lacewings  were  more  numerous  on  control 
(Lorenzetti  et  al.  1997).  Spatial  guild  partition  occurs 
also  at  a larger  scale,  when  different  species  exploit 
different  crops  in  a landscape  (Colunga-Garcia  et  al. 
1997). 

7.3.3  Thermal  guild  partition 

Coccinellidae,  Syrphidae  and  Chrysopidae  differ  in 
their  lower  developmental  threshold  and  speed  of 
development  (Honek  & Kocourek  1988,  1990),  and 
in  their  resource  exploitation  efficiency  (Dixon 
et  al.  2005).  In  northern  regions,  different  tolerance 
to  cold  leads  to  different  overwintering  strategies 


Intraguild  interactions  345 


and  reduces  interaction  opportunities.  In  Eastern 
Canada,  Hai:  axyridis  does  not  survive  outside  and 
overwinters  in  buildings,  while  the  indigenous  Col. 
maculata  overwinters  outside  (Labrie  et  al.  2008). 

7.3.4  Body  size  guild  partition 

The  body  size  of  ladybirds  also  determines  a partition 
in  resource  exploitation  as  the  size  imposes  geome- 
trical and  physiological  constraints  in  term  of 
resource  density  needed  (Dixon  & Hemptinne  2001, 
Dixon  2007,  Sloggett  2008).  Smaller  species  would 
thus  exploit  lower  aphid  population  densities  more  suc- 
cessfully than  larger  species  (but  see  Evans  2004). 


7.4  COCCINELLIDS  AS 
INTERACTING  ORGANISMS 

In  spite  of  guild  partition,  coccinellids  are  repeatedly 
involved  in  intraguild  interactions  at  different 
periods  of  their  life  cycle  (Fig.  7.1).  These  interactions 
are  promoted  by  the  fact  that  (i)  many  other  insects 
share  the  same  guilds  with  many  coccinellid 
species;  (ii)  the  extraguild  prey  of  most  predaceous 
coccinellids  have  an  aggregated  distribution  in 
time  and  space  leading  to  natural  enemies  aggrega- 
tion: and  (iii)  coccinellid  eggs  and  early  instars  occur 
close  to  their  food  source  (Lucas  2005).  Eor  example, 
the  large  temporal  overlap  of  P.  japonica,  Har.  axyridis, 
and  C.  septempunctMta  bnwki  exploiting  Aphis  gossypii 
on  Hibiscus  trees  in  Japan  (Kajita  et  al.  2006)  enhances 
interaction  opportunities. 

All  types  of  classical  ecological  interactions 

(mutualism,  commensalism,  competition,  and  preda- 
tion) might  occur  within  the  guild.  Eor  any  of  these 
interactions,  many  direct  effects  (from  direct  physi- 
cal interactions)  and  indirect  effects  (through  inter- 
mediary species)  (Wootton  1994,  Abrams  et  al.  1996) 
may  impact  the  focal  species,  its  intraguild  compe- 
titors, its  principal  (extraguild)  food  source  and  its 
higher-order  (extraguild)  natural  enemies  (Eig.  7.1). 
These  interactions  may  affect  the  density  (density- 
mediated  effects)  of  the  species  considered,  or  any 
morphological,  physiological  or  behavioural  traits 
(traits-mediated  effects). 

History  of  the  protagonists  is  one  of  key  factors 
in  intraguild  interactions  (Lucas  2005)  that  are  fre- 
quently sudden  and  ephemeral  events  occurring  at 


specific  times  and  stages.  The  size,  morphology,  physi- 
ology, behaviour,  vigour  and  autonomy,  as  well  as  the 
competitive,  defensive  and  predatory  aptitudes  of  an 
individual  change  drastically  throughout  its  life 
cycle.  All  traits  affecting  the  ladybird's  stage  at  the 
time  of  a potential  interaction  (such  as  time  of  colo- 
nization, life  cycle  length,  voltinism,  etc.)  influence 
the  probability  of  its  occurrence,  its  type,  and  its 
outcome.  For  instance,  phoretic  mites  will  use  specific 
stages  of  ladybirds  (7.5).  Also,  a third  ladybird  instar 
may  be  an  intraguild  prey  of  a chrysopid  larva,  whereas 
in  the  fourth  instar  it  could  be  the  predator  of  a similar 
size  chrysopid  larva  (Fig.  7.2). 

7.5  COCCINELLIDS  AS  INTRAGUILD 
COMMENSALISTS  AND  MUTUALISTS 

Direct  or  indirect  commensalism  occurs  whenever 
an  organism  derives  a benefit  from  a second  organ- 
ism while  the  latter  is  not  affected  (Wootton  1994). 
Phoresy  is  an  example:  an  organism  is  transported 
(dispersed)  by  an  unaffected  host  (Holte  et  al.  2001). 
The  coccinellid  acts  as  a vector  of  hemisarcoptid  mites 
when  the  non-feeding  hypopal  stage  attaches  itself 
to  the  elytra  of  the  coccinellid  adults  (O’Connor  & 
Houck  1989).  Several  predatory  phoretic  mites 
belong  to  the  same  guild  as  their  coccinellid  carrier 
(e.g.  Houck  & O’Connor  1991,  Hurst  et  al.  1997,  Holte 
et  al.  2001). 

Coccinellids  may  similarly  act  as  vectors  of 
intraguild  pathogens  (Pell  et  al.  1997,  Roy  et  al. 
1998,  2001,  Thomas  et  al.  2006).  This  interaction  is 
considered  commensalism  when  the  pathogens  have 
negligible  direct  effects  on  ladybirds.  If  the  coccinellids 
are  infested  by  the  pathogens,  the  interaction  is  detri- 
mental (7.9.2). 

Coccinellids  may  indirectly  benefit  other  guild 
members  through  their  action  on  the  shared 
resource  (Losey  & Denno  1998,  1999,  Aquilino  et  al. 
2005),  an  interaction  known  as  ‘predator  facilita- 
tion’ (Charnov  1976).  For  instance,  the  foliar-foraging 
C.  septempunctata  generates  a strong  dropping  response 
in  Acyrthosiphon  pisum  increasing  its  availability  for 
the  ground-foraging  carabid  Harpalus  pennsylvanicus 
(Losey  & Denno  1998,  1999:  Fig.  7.3). 

Direct  or  indirect  mutualism  is  mutually  benefi- 
cial for  two  different  populations/species  (Wootton 
1994.  Abrams  et  al.  1996)  that  share  the  same  re- 
source. Hypopodes  of  the  astigmatid  mite  Hemisarcoptes 
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Figure  7.1  Schematic  representation  of  intragnild  interactions  (IGI)  involving  predatory  ladybirds.  Any  type  of  interaction  may  generate  indirect  effects  on  other 
protagonists  within  and  outside  the  guild. 
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C.  septempunctata 
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Figure  7.2  Linkage  between  developmental  time  of  larval  instars  and  occurrence  of  intraguild  predation  between  Episijrphus 
halteatus,  Chrysoperla  carnea  and  Coccinella  septempunctata  in  a perfectly  synchronized  community.  Arrows  point  toward 
intraguild  prey.  (After  Hindayana  et  al.  2001,  with  permission). 


— • — Observed  effect  of  predator  combination 


Figure  7.3  Coccinelids  as  commensalists.  Effect  of  aphid 
prey  density  and  predator  treatment  on  the  consumption  of 
prey  aphids.  Predator  treatments:  foliar-foraging  predator 
only  (Coccinella  septempunctata);  ground-foraging  predator 
only  (Harpalus  pennsylvanicus);  both  predators  in 
combination  (C.  septempunctata  plus  H.  pennsylvanicus).  The 
expected  effect  is  based  on  the  sum  of  the  foliar  and  ground 
predators  acting  in  isolation.  (After  Losey  & Denno  1998, 
with  permission). 


cooremani  benefit  from  Chil.  cacti  by  phoretic  dispersal 
and  resource  acquisition.  The  ladybird  may  benefit  by 
acquiring  resources  from  the  hypopode  and  thus 
the  interaction  was  assumed  to  be  potentially  mutualis- 
tic  (Holte  et  al.  2001).  The  boundary  between  para- 
sitism, mutualism  and  commensalism  remains  to  be 
clarified. 


7.6  COCCINELLIDS  AS 
COMPETITORS 

7.6.1  Exploitative  competition 

Exploitative  competition  is  an  indirect  interac- 
tion between  individuals  of  two  competing  species: 
one  species  reduces  the  abundance  of  a shared  resource 
and  consequently  affects  the  second  species  (Wootton 
1994.  Abrams  et  al.  1996).  For  example,  a coccinellid 
larva  or  adult  affects  another  intraguild  member  by 
consuming  or  disturbing  their  shared  prey.  Smaller 
coccinellids  with  lower  food  requirements  have  a com- 
petitive advantage  over  larger  species  at  low  aphid  den- 
sities (Obrycki  et  al.  1998b). 

The  recruitment  of  coccinellid  predators  is  de- 
scribed by  the  aggregative  numerical  response,  the 
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Figure  7.4  Coccinellids  as  exploitative  competitors.  Numbers  of  adults  of  Cocdnella  septempunctata  (C7)  and  native  ladybirds 
observed  in  visual  censuses  on  successive  days  (.r-axis)  of  experimental  plots  that  had  either  been  caged  previously  (cage-only 
plots)  or  left  uncaged  (control  plots)  in  lucerne  (top  and  middle  panels;  means  + 1 SE),  and  percentage  of  all  individuals  (of  C7 
or  natives)  observed  that  belonged  to  native  species  (bottom  panel).  Day  1 is  the  day  after  cage  removal.  (After  Evans  2004, 
with  permission). 


threshold  of  which  is  species  specific  (5.3.5).  Evans 
(2004)  showed  that  the  arrival  of  the  Palearctic  C.  sep- 
tempunctata in  Utah  (USA)  lucerne  fields  caused  a 
decline  in  pea  aphid  populations  and  then  a decline  in 
native  coccinellids  (1992-2001)  (Fig.  7.4).  An  artifi- 
cial increase  in  aphid  densities  stimulated  the  return  of 
native  coccinellids  to  the  focal  crop.  Evans  proposed 
that  C.  septempunctata  prevented  aphid  outbreaks, 
reducing  the  level  at  which  lucerne  crops  retain  native 
coccinellids. 

Whitefly  egg  consumption  in  multi-specific  treat- 
ments (one  Delphastus  catalinae  adult  and  one  Col. 
maculata  adult)  was  significantly  lower  than  the 


individual  consumptions  of  the  two  coccinellid  species, 
even  though  no  behavioural  interference  was  observed 
(Lucas  et  al.  2004c). 

Exploitative  competition  may  also  take  the  form  of 
induced  defensive  responses  and  dispersion  of  a 
shared  prey  following  ladybird  attacks  (Dixon  1958, 
Nelson  & Rosenheim  2006).  These  responses  can 
affect  subsequent  predation  efficiency  by  intraguild 
competitors  (conspecifics  or  heterospecifics).  Aphid 
dropping  induced  by  Har.  axyridis  reduced  its  predation 
efficiency  by  approximately  40%  (Francke  et  al.  2008) 
and  potentially  also  that  of  other  foliar-dwelling  guild 
members.  On  apple  saplings,  C.  septempunctata  caused 
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significantly  greater  dispersion  of  mite  colonies  than 
did  Har.  axyridis  (Lucas  et  al.  2002). 


7.6.2  Apparent  competition 

This  indirect  interaction  arises  when  two  prey  species 
share  a common  natural  enemy  and  when  an 
increase  in  one  prey  leads  to  an  increase  in  the 
shared  natural  enemy  so  as  to  cause  a decline  in  the 
other  prey  species  (Holt  1977,  Wootton  1994). 
The  invasion  of  Har.  axyridis  provided  the  potential 
for  such  an  interaction.  Harmonia  axyridis  is  a low- 
quality  host  for  the  generalist  parasitoid  Dinocampus 
coccinellae  that  does  not  seem  to  discriminate  between 
coccinellid  species:  the  abundance  of  this  new  host 
may  thus  constitute  an  egg  sink,  leading  to  a decrease 
in  D.  coccinellae  populations  and  consequently  to  a 
reduction  of  the  parasitism  on  the  native  coc- 
cinellids  (Hoogendoorn  & Heimpel  2002,  Firlej 
et  al.  2005,  2006,  Koyama  & Majerus  2007;  also 
8. 3.2.1). 


7.7  COCCINELLIDS  AS  VECTORS  OF 
MALE-KILLING  BACTERIA 

Coccinellids  are  suspected  of  transmitting  male- 
killing bacteria,  such  as  Wolbachia,  although  clear 
empirical  data  are  lacking  (Hurst  et  al.  2003,  Tinsley 
& Majerus  2007;  see  also  8.4. 5.2).  This  interaction 
may  have  detrimental  or  beneficial  effects  (Majerus 
et  al.  1998,  Engelstadter  & Hurst  2007)  on  the  other 
coccinellids  and  on  infected  competitors,  but  is  positive 
for  the  bacteria.  These  bacteria  are  transmitted  verti- 
cally from  mother  to  daughter,  but  horizontal  trans- 
mission is  strongly  suspected  in  coccinellids  (Hurst 
et  al.  2003).  Horizontal  transfer  is  more  likely  to  occur 
by  direct  transfer  of  infective  material  (e.g.  predation) 
between  closely  related  species  and  organisms  in  close 
confinement  (Tinsley  & Majerus  2007). 


7.8  COCCINELLIDS  AS 
INTRAGUILD  PREDATORS 

7.8.1  General  rules  of  intraguild  predation 
involving  coccinellid  predators 

Intraguild  predation  (IGP),  defined  as  predation 
on  a competitor  (Polls  et  al.  1 9 8 9 , Polls  & Holt  1992), 


includes  (i)  effective  IGP:  prey  is  killed  and  consumed 
(IGP  sensii  stricto);  (ii)  interspecific  killing:  prey  is 
killed  but  not  consumed:  and  (iii)  IGP  risk:  prey  is  at 
risk  of  being  killed  and/or  consumed  (Lucas  2005). 
IGP  usually  involves  an  intragnild  predator,  an 
intraguild  prey  and  a shared  resource  (extraguild 
prey).  IGP  is  a widespread  force  structuring  animal 
assemblages  (Arim  & Marquet  2004).  IGP  is  also 
important  in  biological  control  systems  (Rosenheim 
et  al.  1993,  1995:  7.11.2,  Chapter  11). 

IGP  by  or  on  predaceous  coccinellids  is  quite  common 
(Dixon  2000.  Lucas  2005,  Gagnon  2010)  due  to 
aggregations  of  the  shared  prey  (mainly  gregarious 
Sternorrhyncha)  (Dixon  1985,  1987),  richness  and 
abundance  of  competitors  (Frazer  1988,  Drea  & 
Gordon  1990),  and  drastic  changes  in  body  size 
and  mobility  during  the  life  cycle.  IGP  involving  coc- 
cinellids is  common  in  the  field  even  at  high  extraguild 
prey  densities  (Gardiner  & Landis  2007,  Gagnon  2010, 
but  see  Hemptinne  & Dixon  2005). 

IGP  is  described  by  its  (i)  intensity  (probability 
of  occurrence),  (ii)  direction  (mutual  or  unidirec- 
tional), and  (iii)  symmetry  (dominance  or  not  of  a 
species).  IGP  was  mostly  demonstrated  in  microcosm 
where  the  intraguild  prey  cannot  escape  so  that  the 
real  IGP  intensity  in  the  field  remained  uncertain 
until  recently  (e.g.  Hindayana  et  al.  2001,  Kindlmann 
& Houdkova  2006).  Using  molecular  tools,  Gagnon 
(2010)  detected  coccinellid  intraguild  prey  in  52.9% 
of  the  coccinellid  intraguild  predators  in  Quebec 
soybean  crops.  Direct  observations  on  cotton  revealed 
that  6.6%  of  neonate  lacewings  died  from  IGP 
in  a period  equivalent  to  about  1.4%  of  their  total 
life  cycle  (Rosenheim  et  al.  1999).  Such  results 
indicate  IGP  as  a major  source  of  mortality  for 
lacewing  neonate  larvae  and  also  for  young  instars  of 
coccinellids. 

Studies  tend  to  demonstrate  that  the  intensity  of  IGP 
involving  aphidophagous  coccinellids  is  possibly  higher 
than  in  other  systems  such  as  those  involving  aleyro- 
dophagous  mirids  (Lucas  & Alomar  2002a,  b)  due  to 
the  active  searching  of  coccinellids  and  to  their  low 
mobility  compared  to  mirids. 

Five  general  rules  on  IGP  involving  coccinellids 
can  be  established  at  species  level: 

I IGP  intensity  decreases  as  extraguild  prey 
density  increases  (Sengonca  & Frings  1985,  Lucas 
et  al.  1998a,  Schellhorn  & Andow  1999b,  Hinday- 
ana et  al.  2001,  Yasuda  et  al.  2004,  Gagnon  2010). 
For  exceptions  see  Lucas  et  al.  (1998a),  Phoofolo 


350  E.  Lucas 


Figure  7.5  Coccinellids  as  intraguild  predators,  (a)  Intraguild  predation  by  a fourth  instar  larva  of  Harmonia  axyridis  preying 
upon  a pupa  of  Adalia  hipunctata.  Picture  by  Serge  Laplante;  (b)  Intraguild  predation  by  an  adult  of  Stethorus  punctillum 
preying  upon  a first  instar  of  the  mullein  bug  Campylomma  verbasd.  Picture  by  Olivier  Aubry  (Laboratoire  de  Lutte  biologique, 
UQAM,  2008).  (See  colour  plate.) 


and  Obrycki  (1998),  and  Snyder  et  al.  (2004b).  IGP 
is  frequently  motivated  by  nutritive  needs,  which 
decrease  in  the  presence  of  alternative  food.  Fur- 
thermore, an  increase  in  extraguild  prey  density 
can  generate  a dilution  effect  protecting  furtive 
intraguild  prey  (Lucas  & Brodeur  2001). 

2 IGP  intensity  increases  as  intraguild  prey 
density  increases  (Noia  et  al.  2008),  thus  increas- 
ing the  probability  of  encounters.  These  first  two 
rules  may  theoretically  be  compensatory  depending 
on  the  numerical  response  of  intraguild  prey  to 
extraguild  prey  density  (but  see  Lucas  & Rosenheim 
2011). 

3 IGP  is  unidirectional  (the  predator  and  prey 
status  of  each  protagonist  remain  constant;  Polis 
et  al.  1989)  and  directed  toward  a specialist 

organism  (predator,  parasitoid  or  pathogen)  (Lucas 
et  al.  1998a,  Yasuda  & Ohnuma  1999,  Hindayana 
et  al.  2001). 

4 IGP  is  mutual  (each  species  may  prey  on  the  other 
one  during  its  life  cycle;  Polis  et  al.  1989)  when  two 
non-specialized  species  are  involved  (Lucas  et 
al.  1998a,  Felix  & Soares  2004,  but  see  Mallampalli 
et  al.  2002  and  de  Clercq  et  al.  2003  for  exceptions). 
Due  to  drastic  changes  in  size,  mobility,  vigour  and 
defensive  capacity  during  the  life  cycle,  each  species 
may  at  specific  times  be  the  intraguild  prey  or  the 
intraguild  predator  (Lucas  2005). 

5 Mutual  IGP  is  asymmetrical  (i.e.  one  species  acts 
as  the  predator  significantly  more  often  than  does 
the  other;  Lucas  2005)  in  favour  of  the  larger 
species  that  are  generally  more  successful  in 


confrontations  (Lucas  et  al.  1998a,  Obrycki  et  al. 
1998a,  Hindayana  et  al.  2001),  but  exceptions  may 
occur  (Sengonca&Frings  1985,  Lucas  et  al.  1998a, 
Snyder  et  al.  2004b). 

7.8.2  Occurrence  of  intraguild  predation 
by  coccineilids 

Most  coccinellid  species  may  prey  upon  intraguild 
competitors  (Fig.  7.5).  Older  larval  instars  (third  and 
fourth)  and  adults  are  more  often  intraguild  preda- 
tors than  younger  stages.  Because  of  an  important 
(at  least  5 -fold)  increase  in  body  size  during  imma- 
ture development,  an  encounter  between  small,  young 
larval  stages  (or  eggs),  and  larger,  more  powerful  older 
larvae  (or  adults)  often  results  in  antagonistic  interac- 
tions. In  contrast,  an  encounter  between  similar  sized 
ladybird  and/or  lacewing  larvae  usually  generates  a 
low  intensity  of  IGP  even  at  low  extraguild  prey  den- 
sities (Chang  1996,  Lucas  et  al.  1998a,  Obrycki  et  al. 
1998a).  Older  larvae  interact  with  each  other  more 
strongly  than  young  larvae  (Yasuda  et  al.  2004). 

The  significant  benelits  of  IGP  for  coccinellids 
include;  (i)  elimination  of  a potential  predator,  (ii) 
elimination  of  a competitor,  (iii)  consumption  of 
a protein-rich  meal  (Polis  et  al.  1989),  and  (iv) 
acquisition  of  toxins  from  intraguild  prey  (Haulier 
et  al.  2008).  Four  hypotheses  have  been  built  (Lucas 
2005): 

1 Protective  IGP  hypothesis:  the  predator  attacks 
the  IG  prey  to  protect  itself  before  a period  of 
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high  vulnerability  (Fig.  7.7).  The  consumption  of 
the  prey  is  facultative. 

2 Competitive  IGP  hypothesis:  the  predator 
eliminates  a competitor  and  the  consumption 
of  the  IG  prey  is  facultative.  Neither  protective 
nor  competitive  IGP  have  yet  been  reported  in 
coccinellids. 

3 Nutritional  IGP  hypothesis:  IGP  occurs  during 
extraguild  food  shortage  or  when  the  alterna- 
tive food  is  scarce  or  has  a lower  nutritive  value 
than  the  IG  prey  (e.g.  Lucas  et  al.  2009).  In  temper- 
ate areas,  pollen  is  used  as  a food  source  at  the 
beginning  of  the  season,  but  does  not  allow  matura- 
tion of  ovaries  in  most  predatory  ladybird  species 
(5.2.9):  at  this  time,  any  predation  event  would  be 
highly  beneficial.  Also,  Har.  axyridis  is  among  the 
last  insects  to  be  found  in  autumn  in  maize  fields 
of  Eastern  Canada  (as  larvae  and  pupae):  third  and 
fourth  instars  are  highly  aggressive  at  this  time, 
and  IGP/cannibalism  is  extremely  common  (Lucas, 
unpublished).  For  Har.  axyridis,  supplementing  a 
limited  aphid  diet  with  A.  bipunctata  eggs  provides 
nutritional  benefits  during  extraguild  prey 
shortages  (Ware  et  al.  2009).  Such  ability  to 
effectively  exploit  coccinellid  intraguild  prey  as  food 
(specialization)  may  be  related  to  a lower  effi- 
ciency in  extraguild  prey  exploitation  (Sato 
et  al.  2008).  Based  on  the  fact  that  nitrogen 
content  is  generally  higher  in  predatory  insects 
than  in  herbivores,  Kagata  and  Katayama  (2006) 
tested  and  rejected  the  hypothesis  that  nitrogen 
shortages  promote  IGP  between  aphidophagous 
coccinellids, 

4 Opportunistic  IGP  hypothesis:  the  predator 
selects  the  prey  according  to  its  size,  regardless 
of  its  guild.  The  lacewing  Chrysopeiia  rufllabris 
seems  to  show  no  preference  for  intra-  or  extraguild 
prey,  and  IGP  occurrence  is  mainly  determined  by 
the  encounter  rate  (Lucas  et  al.  1998a).  Many 
coccinellids  species  are  polyphagous  and  prey  selec- 
tion is  greatly  influenced  by  capture  efficiency, 
which  is  directly  related  to  predator  and  prey 
relative  sizes  (Dixon  1959,  Klingauf  1967;  5.2.3) 
and  to  the  prey  defensive  abilities  (Provost  et  al. 
2006). 

Preying  upon  a competitor  which  is  also  a predator 

can  be  risky:  the  intraguild  predator  may  be  injured 

or  may  itself  become  the  prey  (Polls  et  al.  1989, 

Dixon  2000).  However,  such  a situation  seems  rare  in 


the  field  since  coccinellids  usually  avoid  confronta- 
tion with  prey  of  similar  size  (Lucas  et  al.  1998a). 
Ladybirds  may  also  be  contaminated  by  generalist 
entomopathogens  infesting  their  intraguild  prey. 
Also,  IGP  may  increase  a predator  exposure  to  pesti- 
cides (Provost  et  al.  2003).  Finally,  many  coccinellids 
are  protected  by  toxic  alkaloids  (7,9.1,  5. 2. 6,1,  9.2), 
All  in  all,  the  cost/benefit  ratio  of  IGP  by  coccinel- 
lid predators  would  depend  whether  the  intraguild 
prey  are  predators,  parasitoids,  or  pathogens, 

7.8.3  Intraguild  predation  on  intraguild 
coccinellids  (by  coccinellids) 

Most  extraguild  prey  are  exploited  by  an  assemblage  of 
ladybird  species  (Chazeau  1985,  Frazer  1988,  Drea  & 
Gordon  1990),  Potential  for  antagonistic  interactions 
and  IGP  between  ladybird  predators  is  therefore  high 
(e,g,  Takahashi  1989,  Schellhorn  & Andow  1999a,  b, 
Yasuda  & Ohnuma  1999,  Yasuda  et  al.  2001,  2004, 
Michaud  & Grant  2003,  Felix  & Soares  2004,  Snyder 
et  al.  2004a,  Kajita  et  al.  2006,  Majerus  et  al.  2006, 
Hodek  & Michaud  2008), 

Since  morphology  and  development  are  relatively 
similar  among  ladybirds,  IGP  between  coccinellids 
follows  six  general  rules: 

1 IGP  intensity  is  usually  high  among  preda- 
ceous coccinellid  species  due  to  their  great 
voracity,  their  similar  foraging  strategies,  and 
to  a contagious  distribution  of  their  resource 

(Hodek  1996). 

2 IGP  is  mutual.  A ladybird  is  an  intraguild  preda- 
tor at  old  larval/adult  stages  or  intraguild  prey 
at  young  larval/egg  stages. 

3 The  larger  individual  usually  preys  upon  the 
smaller. 

4 Polyphagous  species  are  less  affected  by  alka- 
loids of  their  intraguild  prey  than  specialists 
(Yasuda  & Ohnuma  1999). 

5 Eggs,  pupae,  and  moulting  individuals  are 
highly  susceptible  to  IGP  (exceptions  are  linked 
to  chemical  protection:  7.9.1). 

6 Adults  are  never  successfully  attacked. 

Important  differences  among  species  modulate  the 
above  rules.  The  attack  rates  (the  number  of  attacks 
divided  by  the  number  of  individuals  contacted)  of  Har. 
axyridis  toward  C.  septempunctata  exceeded  50%,  while 
the  attack  rates  of  C.  septempunctata  toward  Har. 
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axyridis  was  less  than  20%  (Yasuda  et  al.  2001).  The 
average  escape  rates  (escapes  divided  by  attacks)  of 
Hai:  axyridis  following  C.  septempunctata  attacks  was 
higher  than  the  escape  rates  of  C.  septempunctata  fol- 
lowing Har:  axyridis  attacks.  In  the  pair  Hai:  axyridis 
and  C.  undecimpunctata,  a smaller  advantage  in  body 
weight  was  required  for  Har.  axyridis  to  become  an 
intraguild  predator  of  C.  undecimpunctata  than  vice 
versa  (Felix  & Soares  2004).  Snyder  et  al.  (2004) 
found  that  the  exotic  species  C.  septempunctata  and 
Har  axyridis  had  a significant  advantage  in  IGF  con- 
frontations over  the  native  Hip.  convergens  and 
C.  transversoguttata.  Especially  Har  axyridis  attacked 
more  successfully  and  escaped  more  frequently  when 
attacked.  In  contrast  to  native  species,  cannibalism 
was  a greater  threat  for  Har.  axyridis  than  IGF 
(5.2.8). 

As  intraguild  predators,  coccinellids  frequently  have 
sub-lethal  effects  on  intraguild  prey.  The  presence  of 
Har  axyridis  slowed  A.  bipunctata  larval  develop- 
ment at  high  extraguild  prey  density,  whereas  IGF  by 
Har  axyridis  or  by  C.  septempunctata  occurred  at  low 
extraguild  prey  density  (Kajita  et  al.  2000).  In  a cage 
experiment,  Har  axyridis  caused  a decrease  in  C. 
undecimpunctata  fecundity,  even  when  the  extraguild 
resource  was  abundant  (Soares  & Serpa  2007).  In  field 
cages,  Har  axyridis  larvae  (intraguild  predator)  had  no 
effect  on  survival  or  weight  gain  of  Col.  maculata  larvae 
(intraguild  prey)  (Hoogendoorn  & Heimpel  2004),  but 
the  intraguild  prey  modified  its  distribution,  possi- 
bly to  avoid  interactions  with  the  predator.  Adult  Col. 
maculata,  C.  septempunctata  or  Har  axyridis  did  not 
modify  their  distribution  when  in  presence  of  adults 
of  the  other  species  (Lucas  et  al.  2002). 

Finally,  key  factors  influencing  IGF  among  coc- 
cinellids are  (i)  time  of  colonisation,  voltinism, 
and  speed  of  development  which  determine  the 
intraguild  prey /intraguild  predator  status  of  the  pro- 
tagonists at  a specific  time,  and  (ii)  oviposition, 
moulting  and  pupation  site,  since  the  susceptibility 
of  non-mobile  stages/periods  is  strongly  linked  to 
their  position  (e.g.  distance  from  the  shared  resource) 
(Lucas  et  al.  2000.  Lucas  2005). 

7.8.4  Intraguild  predation  on  intraguild 
non-coccinellid  predators 

Significant  mortality  from  IGF  by  coccinellid  preda- 
tors has  been  demonstrated  on  lacewings  (e.g.  Michaud 


& Grant  2003,  Gardiner  & Landis  2007),  syrphids 
(Hindayana  et  al.  2001),  and  cecidomyiids  (e.g.  Lucas 
et  al.  1998a,  Gardiner  & Landis  2007). 

7.8.4. 1 Intraguild  neuropterans 

Green/brown  lacewings  and  ladybirds  often  co-occur 
spatially  and  temporally  in  the  fields  (Fhoofolo  & 
Obrycki  1998).  Mutual  IGP  has  been  reported  both  in 
the  laboratory  and  in  the  field  (Sengonca  & Frings 
1985,  Lucas  et  al.  1998a,  Fhoofolo  & Obrycki  1998). 
For  example,  lacewing  eggs,  despite  the  presence  of 
the  pedicel  and  a tough  chorion,  were  easily  eaten  by 
all  stages  of  Col.  maculata  (Lucas  1998).  However, 
when  reared  on  lacewing  eggs,  coccinellids  did  not 
complete  their  pre-imaginal  development  (C.  septem- 
punctata) or  developed  into  smaller  adults  (Col.  macu- 
lata and  Har  axyridis)  (Fhoofolo  & Obrycki  1998). 
Lacewing  pupae  were  not  successfully  attacked  by 
Col.  maculata  (Lucas  et  al.  1998a). 

In  the  presence  of  a C.  septempunctata  first  instar, 
first  instars  of  Chrysoperla  plorabunda  sheltered  them- 
selves in  axils  after  feeding  (Chang  1996).  Chrysopa 
perla  and  Chrysopa  oculata  avoided  oviposition  on 
substrates  with  tracks  of  Har  (=Leis)  dimidiata  first 
instars  and  Col.  maculata  third  instars,  respectively. 
Tracks  of  first  instars  of  some  other  coccinellid  species 
had  no  impact  on  C.  perla  and  C.  oculata  oviposition 
(Ruzicka  2001b,  Chauhan  & Weber  2008). 

7. 8. 4.2  Intraguild  dipterans 

Vermiform  dipteran  larvae  seem  highly  suscepti- 
ble to  IGF  by  coccinellids  (Lucas  et  al.  1998a,  Gardiner 
& Landis  2007).  Harmonia  axyridis  caused  40%  direct 
mortality  of  the  cecidomyiid  Aphidoletes  aphidimyza 
larvae  after  2 hours  in  a microcosm  experiment 
(Voynaud  2008).  The  aphidophagous  chamaemyiid 
Leucopis  spp.  larvae  are  occasionally  victims  of  IGF  by 
ladybird  and  lacewing  larvae  (Sluss  & Foote  1973). 
Both  cecidomyiid  and  chamaemyiid  larvae  are  furtive 
predators  that  exploit  aphid  colonies  without  gener- 
ating aphid  defensive  response  (Lucas  et  al.  1998a, 
Lucas  & Brodeur  2001,  Frechette  et  al.  2008).  They 
benefit  thus  from  a dilution  effect  (the  probability  of 
being  attacked  by  a predator  decreases  as  colony  size 
increases:  Edmunds  1974).  in  large  aphid  colonies 
which  reduces  their  susceptibility  to  IGF  (Lucas  & 
Brodeur  2001). 
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Coccinellids  have  an  indirect  effect  by  reducing 
aphid  density  through  predation  and  aphid  dispersion 
(Voynaud  2008).  In  addition  to  having  less  food 
available,  midges  suffer  from  a reduced  dilution 
effect  that  increases  IGF  risks  (Lucas  & Brodeur 
2001). 

Leaf  trichomes  provide  refuges  for  A.  aphidimyza 
eggs  against  IGF  by  Col.  maculata  and  play  a role  in 
oviposition  site  selection  (Lucas  & Brodeur  1999). 
Also,  A.  aphidimyza  laid  fewer  eggs  on  plants  previously 
exposed  to  second  instar  C.  septempunctata  (Ruzicka  & 
Havelka  1998:  but  see  Lucas  & Brodeur  1999). 

When  attacked  by  coccinellids  (Hindayana  et  al. 
2001),  older  syrphid  larvae  defend  themselves  by  oral 
secretions  (slime)  or  rarely  by  counter-attacks. 
Episyrphus  balteatus  pupae  were  never  attacked  by 
C.  septempunctata  adults  or  larvae  (Hindayana  et  al. 
2001).  In  Fetri  dishes,  E.  balteatus  laid  fewer  eggs  in 
presence  of  Elai:  axyridis  larval  tracks  (Almohamad 
et  al.  2010). 

7. 8.4. 3 Intraguild  hemipterans 

The  great  mobility  of  mirids  should  severely  lower 
interactions  with  intraguild  members  as  well  as 
the  possibility  of  relevant  observations.  Asymmetri- 
cal IGP  in  favour  of  the  coccinellid  was  observed 
between  Etar.  axyridis  and  the  mirid  Elyaliodes  vitripen- 
nis.  A low  intensity  of  IGF  was  also  noted  when  com- 
pared to  coccinellid-coccinellid  interactions.  The 
presence  of  less  mobile  extraguild  prey  (phytophagous 
mites),  to  which  the  attacks  of  mirids  were  directed, 
further  reduced  IGF  intensity  (Frovost  et  al.  2005, 
2006). 

Small  acarophagous  ladybirds  also  attack  young 
stages  of  acarophagous  bugs,  such  as  Stethorus pusillus 
preying  on  first  instar  mirid  Campylomma  verbasci  (Fig. 
7.5).  IGF  by  coccinellids  on  eggs,  young  larvae,  or 
moulting  individuals  of  other  intraguild  heteropterans 
is  highly  probable  but  has  not  yet  been  documented. 

7. 8.4. 4 Other  intraguild  predators 

Predatory  mites  of  the  phytoseiid  Amblyseius  ander- 
soni  are  frequently  found  in  acarodomatia  (tufts  of 
hair  or  invaginations  on  the  leaf  surface  of  several 
plants).  These  structures  protect  the  mites  against  IGP 
by  C.  septempunctata  and  Flip,  variegata  adults,  but  not 
against  second  instar  lacewings  (Chrysoperla  rufllabris) 
(Norton  et  al.  2001). 


IGP  by  ladybirds  on  eggs  of  the  derodontid 
beetle  Laricobius  nigrinus  has  also  been  reported 
(Flowers  et  al.  2005).  IGP  by  coccinellids  could  also 
affect  other  predators  (Cantharidae,  Dermaptera, 
spiders,  etc.). 


7.8.5  Intraguild  predation  on 
intraguild  parasitoids 

Coccinellids  can  affect  intraguild  parasitoids:  (i)  by 
direct  predation  of  parasitized  extraguild  prey,  or  (ii) 
by  non-lethal  impact  on  adult  parasitoids.  Ladybirds 
often  avoid  eating  parasitized  extraguild  prey,  or 
prefer  unparasitized  prey  (5.2. 7.1). 

The  coccidophagous  Rodolia  sp.  was  reluctant  to 
consume  parasitized  coccids  (Quezada  & DeBach 
1974).  Cryptolaemus  montrouzieri  feeds  on  citrus 
mealybugs  parasitized  by  Anagyrus pseudococci  but  not 
on  individuals  older  than  4 days  (Mutsu  et  al.  2008). 

The  aleyrophagous  Serangium  parcesetosum  larvae 
and  adults  tended  to  avoid  Bemisia  tabaci  pupae  parasit- 
ized by  Eretmocerus  mundus  (Al-Zyoud  2007).  Delphas- 
tus  catalinae  adults  did  not  discriminate  whiteflies 
parasitized  by  Encarsia  sophia,  while  second  instars  pre- 
ferred unparasitized  whiteflies  (Zang  & Liu  2007). 

In  the  aphidophagous  Col.  maculata,  larvae  did  not 
discriminate  between  healthy  Trichoplusia  ni  eggs  and 
those  parasitized  by  Trichogramma  evanescens  (Roger 
et  al.  2001)  and  C.  septempunctata  did  not  discrimi- 
nate Lysiphlebus  testaceipes  mummies  from  unpara- 
sitized Schizaphis  graminum  (Royer  et  al.  2008).  Despite 
intense  (98-100%)  predation  on  L.  testaceipes  mum- 
mies, Hip.  convergens  exhibited  a partial  preference 
for  unparasizited  hosts  (Golfer  & Rosenheim  2001; 
but  see  Ferguson  & Stiling  1996).  Coccinella  undecim- 
punctata  larvae  had  no  preference  for  parasitized  or 
healthy  aphids  even  though  parasitized  aphids  had 
inferior  nutritive  values  (Bilu  & Coll  2009).  Coc- 
cinellids destroyed  more  than  95%  of  the  immature 
parasitoids  of  the  psyllid,  Diaphorina  citri,  in  Florida 
citrus  groves  (Michaud  2004). 

The  larvae  of  C.  undecimpunctata  disturbed  A.  cole- 
mani  adults  and  reduced  parasitization  (Bilu  & 
Coll  2007).  Adults  of  the  parasitoid  Lysiphlebus 
fabarum,  avoided  plants  with  coccinellids  (Raymond 
et  al.  2000).  Nakashima  et  al.  (2004,  2006)  also 
demonstrated  that  three  aphid  parasitoid  species 
avoided  leaves  previously  visited  hy  adult 
ladybirds. 
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Figure  7.6  Coccinellids  as  intraguild  prey,  (a)  Intraguild  predation  by  an  adult  Podisus  maculiventris  on  a larva  of  Coleomegilla 
maculata  lengi  in  a soybean  field.  Picture  by  Florent  Renaud,  2007;  (b)  Intraguild  predation  by  a Tlianatus  sp.  spider  on  an  adult 
of  Hannonia  axyridis  in  an  apple  orchard.  Picture  by  Jennifer  de  Almeida,  2008  (Both  pictures  from  Laboratoire  de  Lutte 
biologique,  UQAM).  (See  colour  plate.) 


7.8.6  Intraguild  predation  on 
intraguild  pathogens 

Coccinellids  interact  with  intraguild  entomopatho- 
gens  when  eating  infected  prey  and  the  outcome 
depends  whether  the  pathogen  is  specific  to  the 
extraguild  prey  or  able  to  infect  coccinellids  as  well. 
For  instance,  aphids  (or  aphid  cadavers)  infected  by 
aphidopathogenic  fungus  Pandora  neoaphidis  are  preyed 
upon  by  Hai:  axyridis  and  C.  septempimctata  adults  and 
larvae  (Roy  et  al.  1998,  2003,  2008a,  Roy  & Pell 
2000).  Despite  an  overall  preference  by  both  preda- 
tors for  uninfected  aphids,  C.  septempunctata  is  more 
selective  than  Har.  axyridis,  the  Japanese  population 
of  Har.  axyridis  is  more  selective  than  the  UK  popula- 
tion, and  satiated  individuals  are  more  selective  than 
starved  ones  (8.4). 

7.8.7  Coccinellids  as  top  predators 

Among  coccinellids,  Har.  axyridis,  is  considered  a top 
predator,  dominating  both  the  aphidophagous  and 
coccidophagous  guilds  (Dixon  2000,  Majerus  et  al. 
2006.  Pervez  & Omkar  2006).  A top  (or  apex)  preda- 
tor is  largely  free  from  predation  pressure  and  is 
regulated  more  by  bottom-up  than  top-down  forces 


(Gittleman  & Gompper  2005).  It  should  have  a 
stronger  impact  on  intermediate  predators  (the 
intraguild  prey)  than  on  the  shared  prey  (the 
extraguild  prey)  (Dixon  2007).  Indeed,  numerous 
(mainly  laboratory)  studies  confirm  that  Har.  axyridis 
dominates  confrontations  with  most  coccinellid 
species  (Pell  et  al.  2008,  Alhmedi  et  al.  2010).  This  is 
explained  by  a large  body  size,  strong  larval  spines, 
chemical  protection,  rapid  larval  development, 
great  nutritional  plasticity  and  high  aggressive- 
ness (Labrie  et  al.  2006,  Majerus  et  al.  2006,  Pervez  & 
Omkar  2006,  Sato  et  al.  2008).  The  predator  could 
also  have  a better  capacity  to  process  ingested  defence 
chemicals  (Kajita  et  al.  2010).  Labrie  et  al.  (2006) 
reported  the  development  of  a fifth  larval  instar  in 
laboratory  conditions. 

An  alternative  assumption  is  that  Har  axyridis  is  one 
species  among  other  large  generalist  aphidopha- 
gous coccinellids  (Soares  et  al.  2008): 

1 Generalist  aphidophagous  species  are  a threat  to 
Har.  axyridis  younger/ smaller  instars  (Felix  & Soares 
2004,  Burgio  et  al.  2008).  Furthermore,  Har 
axyridis  is  sometimes  dominated  in  intraguild 
interactions,  for  example,  by  the  pentatomid  Podisus 
maculiventris  (de  Clercq  et  al.  2003),  by  spiders 
(Yasuda  & Kimura  2001,  Fig.  7.6b)  or  by  the 
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ladybird  Anatis  ocellata  (Ware  & Majerus  2008). 
Thus  it  is  not  always  free  from  significant 
predation: 

2 Its  stronger  impact  on  the  intermediate  predator 
than  on  the  shared  prey  remains  to  be  demonstrated 
(Lucas  et  al.  2007a); 

3 Also  other  eurytopic  and/ or  euryphagons  species, 
such  as  C.  septempunctata  (Hodek  & Michaud  2008) 
and  P.  quatuordedmpunctata  (Lucas  et  al.  2007b) 
have  achieved  success  in  invasion. 

According  to  still  another  view,  IGP  does  simply 
not  determine  predator  dominance.  IGP  between 
ladybird  species  has  no  significant  impact  on  their 
abundance,  since  defensive  traits  evolved  to  avoid 
IGP  (Kindlmann  & Houdkova  2006,  Dixon  2007). 
Cannibalism  may  be  the  key  factor  regulating  coc- 
cinellid  abundance. 


7.9  COCCINELLIDS  AS 
INTRAGUILD  PREY 

Any  predatory  ladybird  risks  being  attacked  by 

intraguild  generalists  (predators,  parasitoids,  or 
pathogens)  (Figs.  7.1  and  7.6).  This  vulnerability  to 
IGP  is  species-  and  stage-dependent:  some  species 
are  more  protected  by  size,  unpalatability,  behav- 
iour or  other  protective  devices  (Dixon  2000,  de 
Clercq  et  al.  2003,  Lucas  2005,  Ware  & Majerus 
2008). 

Even  though  all  developmental  stages  are  potential 
intraguild  prey,  non-mobile  stages  (eggs  and 
pupae),  young  instars  and  molting  individuals  are 

much  more  vulnerable  (Sengonca  & Frings  1985, 
Lucas etal.  1997a,  1998a,  2000,  Obryckiet  al.  1998a, 
Hindayana  et  al.  2001:  Fig.  7.7). 

Finally,  apart  from  direct  attacks  (e.g.  death  or 
injury),  coccinellid  intraguild  prey  may  also  suffer  from 
IGP  risks  (e.g.  retarded  development)  and  respond 
by  defensive  mechanisms  (7.9.1). 


7.9.1  Defensive  mechanisms  of 
coccinellids  against  intraguild  predation 

Defensive  mechanisms  protect  individuals  during 
susceptible  periods,  some  developed  specifically 
against  intraguild  threats,  while  others  against  several 


Figure  7.7  Susceptibility  of  a coccinellid  to  intraguild 
predation  during  its  life  cycle.  The  horizontal  line  refers  to  a 
threshold  of  vulnerability  linked  to  a potential  intraguild 
predator.  Ml/2,  Moult  from  first  to  second  larval  instar:  LI, 
first  larval  instar.  (After  Lucas  2005). 


types  of  enemies.  Protection  is  achieved  by  successive 
lines  of  defence  (Lucas  2005). 

7. 9. 1.1  Defence  of  all  stages 

Many  coccinellid  species  are  protected  by  toxic  com- 
pounds either  synthesized  de  novo,  or  sequestered 
from  their  food  (chemical  piracy)  (Pasteels  2007, 
Kajita  et  al.  2010;  9.3):  the  trade-off  between  the 
cost  (production,  toxicity)  and  the  benefits 
(defence)  is  not  clear  (Pasteels  2007).  Biparental 
endowment  of  chemical  defences  into  eggs  is  possi- 
ble: in  Epilachna  paenulata,  males  transfer  alkaloids  to 
females  at  mating  (Camarano  et  al.  2009). 

The  toxic  compounds  may  be  encountered  pas- 
sively by  the  attacker,  or  may  be  actively  released 
(reflex  bleeding;  8. 2. 1.2  and  9.2.1)  in  response  to 
attacks  (Cuenot  1896,  Pasteels  et  al.  1973,  Eisner  et  al. 
1986,  Holloway  et  al.  1991,  de  Jong  et  al.  1991,  Atty- 
galle  et  al.  1993).  As  a rule,  these  compounds  seem  to 
have  a limited  effect  against  cannibalism  but  a sig- 
nificant one  against  IGP  (Agarwala  et  al.  1998, 
Hemptinne  et  al.  2000b).  Reflex  bleeding  of  larvae 
could  have  a cost  on  the  weight  of  resulting  adults 
(Sato  et  al.  2009). 

Another  type  of  defence  is  exploiting  a protected 
habitat  (such  as  aphid  galls  or  ant-attended  aphid 
colonies;  7.10)  that  provides  an  intraguild  enemy- 
free  space. 
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7.9. 1.2  Defence  of  eggs 

Defence  of  eggs  has  been  extensively  studied  (e.g. 
Agarwala  & Dixon  1993,  Yasuda  & Shinya  1997, 
Hemptinne  & Dixon  2000,  Cottrell  2005),  The  first  line 
of  defence  is  the  selection  of  an  enemy-free  space 
for  laying  eggs  (5, 4. 1,3),  This  behaviour  reflects  the 
trade-off  between  egg  susceptibility  to  intraguild 
predators  and  cannibals,  and  starvation  risk  in 
neonates  (Schellhorn  & Andow  1999a,  Magro  et  al. 

2007,  Seagraves  2009). 

Females  may  avoid  oviposition  sites  where 
intraguild  predators  are  present  (e.g.  lablokoff- 
Khnzorian  1982).  Adult  females  are  able  to  detect 
oviposition-deterring  semiochemicals  (ODS)  from 
conspecific  larval  tracks  (e.g.  Ruzicka  1997,2001a, 
2003,  Doumbia  et  al.  1998,  Hemptinne  et  al.  2000b, 
Frechette  et  al.  2003:  5.4. 1.3).  For  heterospeciflc 
ODS,  several  studies  failed  to  detect  any  response 
(Doumbia  et  al.  1998,  Yasuda  et  al.  2000,  Oliver  et  al. 
2006),  while  others  demonstrated  a significant  hetero- 
specific effect  (Ruzicka  1997,  2001a,  2006,  Michaud 
& Jyoti  2007)  or  inconsistent  results  (Ruzicka  2001b, 
Ruzicka  & Zemek  2003). 

Faeces  of  Har.  axyridis  (intraguild  predator)  repre- 
sented cues  that  rednced  feeding  and  oviposition 
in  P.  japonica  (intraguild  prey)  (Agarwala  et  al.  2003). 
However,  Har.  axyridis  behaviour  was  not  affected  by  P. 
quatuordecimpunctata  faeces. 

In  the  presence  of  the  intraguild  predator  Chrysop- 
erla  carnea,  Serangium  parcesetosum  laid  more  eggs 
between  the  plant  veins  (Al-Zyoud  et  al.  2005). 

The  presence  of  immobilized  individuals  of  the 
coecinellid  intraguild  predator  C.  leonina  transver- 
salis  (but  not  the  smaller  Scymnus  pyrocheilus)  reduced 
oviposition  in  Menochilus  sexmaculatus  (Agarwala 
et  al.  2003). 

A second  line  of  defence  of  ladybird  eggs  is  the 
chemical  protection  (9.6)  that  varies  according  to 
the  intraguild  prey  and  the  intraguild  predator  species 
(Sato  & Dixon  2004,  Flowers  et  al.  2005,  Rieder  et  al. 

2008,  Ware  et  al.  2008).  The  chemicals  involved  may 
be  partially  or  totally  repellent,  and  may  involve 
nutritive  costs  (Agarwala  & Dixon  1992,  Hemptinne 
et  al.  2000a,  Cottrell  2007,  Kajita  et  al.  2010).  For 
example,  chemical  protection  efficiently  protects  Calvia 
quatuordecimguttata  against  Har.  axyridis  (Ware  et  al. 
2008),  Har.  quadripunctata  (Dyson  1996),  A.  bipunctata, 
P.  quatuordecimpunctata,  Calvia  decemguttata  and  A. 
decempunctata  (Vanhove  1998).  Eating  heterospecific 


eggs  may  slow  the  predator’s  development, 
decrease  larval  weight  gain  and  adnlt  size,  and 
even  cause  death  (Phoofolo  & Obrycki  1998,  Hemp- 
tinne et  al.  2000a,  b,  Cottrell  2004,  Rieder  et  al.  2008). 
Egg  chemical  defence  could  be  linked  to  co-evolution 
of  defences  against  sympatric  ladybird  species 
(Agarwala  & Yasuda  2001,  Rieder  et  al.  2008). 

Despite  chemical  defence,  eggs  remain  highly  sus- 
ceptible to  cannibalism  (e.g.  Agarwala  et  al. 
1998,  Omkar  et  al.  2004,  Rieder  et  al.  2008,  Sato  & 
Dixon  2004).  Larvae  prefer  (and  are  less  affected  by) 
consuming  conspecific  eggs  (but  see  Cottrell  2005). 
In  situations  of  aphid  scarcity,  egg  cannibalism  may 
help  starving  larvae  to  survive  (Agarwala  & Yasuda 
2001).  Cannibalizing  eggs  may  protect  larvae 
against  IGF.  either  by  additional  toxin  acquisi- 
tion. or  by  acceleration  of  their  development, 
thus  reducing  the  time  they  are  susceptible  to  IGP 
(Gagne  et  al.  2002,  Michaud  & Grant  2004,  Omkar 
et  al.  2007). 

Another  defensive  trait  of  ladybird  eggs  is  linked  to 
the  fact  that  they  are  laid  in  clusters  and  are  thus  less 
vulnerable  to  predation  than  when  laid  singly  (due  to 
a dilution  effect)  (Agarwala  & Yasuda  2001).  Fur- 
thermore, the  cluster  may  eoncentrate  the  toxic 
compounds  of  eggs  at  a single  point,  increasing  effi- 
ciency (Agarwala  & Yasuda  2001,  Omkar  et  al.  2004). 

7.9. 1.3  Defence  of  larvae 

The  susceptibility  of  young  instars  to  IGP  is  linked  to 
the  oviposition  site  often  selected  by  the  female 
close  to  resources  (5. 4. 1.3).  Older  larvae  may  actively 
avoid  sites  occupied  by  potential  predators  (Hoogen- 
doorn  & Heimpel  2004). 

Morphological  characteristics,  such  as  abdomi- 
nal spines  or  wax,  may  provide  defence  for  coecinellid 
larvae  against  IGP  (Voelkl  & Vohland  1996,  Ware  & 
Majerus  2008).  Such  traits  are  well  developed  in  some 
species  and  absent  in  others  (Pope  1979,  Michaud  & 
Grant  2003,  Ware  & Majerus  2008). 

Large  body  size  remains  one  of  the  most  effective 
defences  of  coecinellid  larvae  against  IGP  (Lucas  et  al. 
1997a,  1998a,  Felix  & Soares  2004,  Ware  & Majerus 
2008).  Thus  any  mechanism  able  to  provide  a larger 
size  at  the  time  of  the  intraguild  confrontation  (e.g.  an 
earlier  time  of  colonization)  will  increase  the  poten- 
tial intraguild  prey  survival  probability.  Also  diet 
can  significantly  affect  the  growth  of  the  larvae.  The 
slow-growth-high-mortality  (SGHM)  hypothesis. 
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which  predicts  that  prolonged  development  results  in 
greater  exposure  to  natural  enemies  and  in  a subse- 
quent increase  in  mortality  (Clancy  & Price  1987), 
applies  to  IGP  involving  coccinellids.  Furthermore,  one 
can  implicitly  propose  a second  hypothesis:  as  a result 
of  prolonged  development,  the  body  size  of  an  indi- 
vidual at  any  particular  time  is  expected  to  be  smaller 
and  therefore  its  susceptibility  to  IGP  should  be  higher 
(Fig.  7.2). 

Following  an  encounter,  coccinellid  larvae  fre- 
quently escape  by  different  means  (Hough-Goldstein 
et  al.  1996,  Lucas  et  al.  1997a,  1998a,  de  Clercq  et  al. 
2003;  5.4.2).  The  susceptibility  of  Col.  maculata  lengi 
larvae  to  IGP  by  chrysopid  third  instar  (C.  ruflkhris)  is 
age  specific  and  is  influenced  by  the  coccinellid 
behavioural  defensive  strategies  (Lucas  et  al. 
1997a):  young  larvae  exhibited  escape  reactions 
(dropping,  fleeing  and  retreating)  but  did  not 
survive  once  caught  by  the  lacewings,  while  older 
larvae  used  wriggling  or  biting  representing  7.5%  to 
11%  of  all  successful  defences  (Lucas  et  al.  1997a).  A 
drastic  difference  in  dropping  from  the  plant  was 
observed  between  A.  hipunctata  and  C.  septempunctata 
when  facing  Har.  axyridis  larvae:  43.3%  of  the  C.  sep- 
tempunctata  first  instars  dropped  and  54.5%  were  killed 
by  IGP  whereas  <2%  of  the  A.  hipunctata  first  instars 
dropped.  The  mortality  of  the  latter  from  IGP  was 
therefore  95%  (Sato  et  al.  2005).  Since  IGP  is  influ- 
enced by  extraguild  prey  density,  emigration  when 
food  is  scarce  has  a potential  defensive  value.  Emigra- 
tion tendency  varies  among  species:  80%  of  C.  septem- 
punctata brucki  larvae  emigrated  prior  to  aphid 
population  extinction,  whereas  less  than  20%  of  Har. 
axyridis  and  P japonica  did  so  (Sato  et  al.  2003). 

Protection  of  coccinellid  larvae  by  alkaloids  differs 
according  to  intraguild  predators  and  prey  (Yasuda  & 
Ohnuma  1999).  For  example,  both  Cycloneda  sanguinea 
and  Har.  axyridis  larvae  preferred  to  feed  on  dead  C. 
sanguinea  larvae  than  on  dead  Har.  axyridis  larvae. 
Moreover,  Har.  axyridis  larvae  that  fed  on  C.  sanguinea 
larvae  reached  the  adult  stages,  while  no  C.  sanguinea 
larvae  completed  development  on  Har.  axyridis  larvae 
(Michaud  2002). 


7. 9. 1.4  Defence  of  moulting  individuals 
and  pupae 

Site  selection  for  pupation  and  ecdysis  influences 
ladybird  susceptihility  to  IGP.  In  Col.  maculata  lengi, 


vulnerability  of  pupae  and  newly  moulted  larvae  to 
IGP  by  Chrysopa  rufllahris  larvae  depended  on  site 
selection,  leaves  with  aphid  colonies  being  the  most 
risky  sites  (Lucas  et  al.  2000;  also  Osawa  1992, 
Michaud  & Jyoti  2007:  5. 4. 1.3).  Larval  ecdysis  gener- 
ally occurs  (60%)  near  the  aphid  colonies  exploited  by 
the  larvae  (Lucas  et  al.  2000):  by  doing  so,  the  larvae 
stay  close  to  the  resources  and  reduce  the  risk  of 
encountering  an  intraguild  predator  during  displace- 
ment. Since  the  moulting  process  lasts  less  than  20  min 
(except  the  later  sclerotization  of  the  cuticle),  IGP  risk 
is  relatively  low. 

In  contrast,  90%  of  the  larvae  left  the  plant  to 
pupate;  this  reflects  predation  risks  on  the  plant.  In 
Col.  maculata,  pupation  lasts  about  20%  of  preimaginal 
developmental  time  (Warren  & Tadic  1967).  Remain- 
ing on  the  plant  would  thus  expose  pupae  to  natural 
enemies  for  a longer  period  than  moulting  larvae.  Fur- 
thermore, the  proximity  of  a food  source  is  less  impor- 
tant since  the  emerging  adults  are  alate  and  can 
disperse.  Finally,  when  searching  for  a pupation  site, 
IGP  risks  are  lower  for  fourth  instar  larvae  than  it 
would  be  in  younger  instars. 

Microhabitat  selection  for  ecdysis  and  pupation 
thus  reflects  a trade-off  between  the  advantages 
of  remaining  close  to  resources  and  the  costs  of 
being  exposed  to  IGP  (Lucas  et  al.  2000). 

Pupae  may  also  reduce  IGP  risk  through  flipping 
behaviour,  ‘gin  traps’  (sclerotized  teeth  along  junc- 
tions of  movable  abdominal  segments:  e.g.  Eisner  & 
Eisner  1992),  and  warning  colouration  (Majerus 
1994).  Gregarious  pupation  (of  2-5  pupae)  has 
been  reported  for  some  species  (Har.  axyridis,  C.  septem- 
punctata) in  the  field  (G.  Labrie,  unpublished)  and  may 
also  provide  defence  against  IGP  through  a passive 
dilution  effect.  Specific  defences  such  as  hair  cover 
is  a protection  against  intraguild  ants  (Voelkl  1995). 
In  some  species,  these  hairs  secrete  defensive  drop- 
lets (Attygalle  et  al.  1993).  Anachoresis,  the 
selection  of  shelters  (holes,  crevices  etc.)  (Edmunds 
1 9 74) , also  protects  pupae  against  predation  (Richards 
1985). 


7. 9. 1.5  Defence  of  adults 

Adults  are  better  defended  than  any  other  stage  (Sen- 
gonca  & Frings  1985,  Lucas  et  al.  1998a,  Mallampalli 
et  al.  2002.  de  Clercq  et  al.  2003),  but  may  be  preyed 
upon  by  intraguild  predators  such  as  chrysopids  (Lucas 
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et  al.  1998a),  pentatomids  (de  Clercq  et  al.  2003;  Fig. 
7.6a),  reduviids  (E,  Lucas,  unpublished)  or  spiders  (Fig. 
7.6b). 

Adults  may  avoid  sites  with  intraguild  natural 
enemies  ( 7.9).  Adults  may  escape  by  fleeing,  drop- 
ping or  flying  away  (Hough-Goldstein  et  al.  1996,  de 
Clercq  et  al.  2003).  The  shape  (rounded,  compact)  of 
coccinellid  adults  and  body  sclerotization  should  con- 
tribute to  the  low  susceptibility  of  adults  to  IGF  (de 
Clercq  et  al.  2003). 

Unpalatability  of  adults  linked  to  the  presence  of 
greater  concentrations  of  toxic  alkaloids  than  in 
larvae  may  also  lower  the  susceptibility  of  adults  to 
IGF.  even  though  this  is  species-specific  (Mallampalli  et 
al.  2002,  de  Clercq  et  al.  2003). 

The  aposematic  colonration  (bright  and  contrast- 
ing patterns)  of  adults  is  considered  a warning  signal 
(for  toxicity)  and  an  effective  defence  against  visual 
predators  (8.2).  This  aposematic  pattern  is  common  to 
many  sympatric  species,  which  may  reinforce  the 
strength  of  the  warning  message  (Mullerian 
mimicry)  (Holloway  et  al.  1991,  Dolenska  et  al. 
2009).  However,  no  study  has  demonstrated  any 
impact  of  aposematism  against  IGF. 


7.9.2  Intraguild  predation  on  coccinellids 

Intraguild  predators  of  ladybirds  belong  to  a variety  of 
groups  (especially  chrysopids,  Hemiptera,  syrphids 
and  coccinellids).  Coccinellids  represent  possibly 
the  most  dangerous  intraspecific  (cannibalism)  and 
interspecific  (IGF)  threat  for  other  coccinellids 
(7.8.3).  Intraguild  predation  may  also  come  from  gen- 
eralist parasitoids  or  pathogens. 

7 . 9 . 2 . 1 Intraguild  predation  by  intraguild 
predators 

Chrysopid  larvae  frequently  attack  all  ladybird  stages 
(Sengonca  & Frings  1985,  Lucas  et  al.  1998a)  and  are 
usually  reported  to  be  superior  in  confrontations 
with  similar-size  coccinellid  larvae  (Sengonca  & Frings 
1985,  Lucas  et  al.  1997a,  1998a,  Fhoofolo  & Obrycki 
1998.  Michaud  & Grant  2003).  This  superiority  may 
be  linked  to  their  more  elongated  mouthparts  allow- 
ing chrysopids  to  keep  coccinellids  at  a safe  distance 
(Lucas  et  al.  1997a,  1998a,  Michaud  & Grant  2003). 
Coccinella  septempunctata  females  detected  the  presence 


of  ODS  and  laid  fewer  eggs  on  sites  previously  exposed 
to  second  lacewing  instars  (Ruzicka  1997). 

Syrphid  larvae  preyed  upon  coccinellid  larvae 
(Hindayana  et  al.  2001):  in  small  arena,  1.1%  of  C. 
septempunctata  larvae  were  killed  and  eaten  by  Episyr- 
phus  balteatus  larvae  and  7.4%  were  killed  but  not 
consumed.  Coccinellids  avoided  pea  plants  when  E. 
balteatus  eggs  or  larvae  were  present  (Alhmedi  et  al. 
2007a,  b). 

Pentatomids  also  preyed  on  intraguild  coccinellids, 
the  interaction  being  asymmetrical  in  favour  of  the 
bugs  (Mallampalli  et  al.  2002,  de  Clercq  et  al.  2003; 
Fig.  7.6a).  By  contrast,  the  anthocorid  bug  Onus  lae- 
vigatus  was  not  able  to  feed  on  A.  bipunctata  or  Elar. 
axyridis  eggs  (Santi  & Maini  2006).  However,  molecu- 
lar gut-content  analysis  showed  that  2.5%  of  im- 
mature Orius  insidiosus  had  consumed  Elar.  axyridis 
material  in  the  field  (Harwood  et  al.  2009).  IGF  by 
mirids  on  coccinellids  has  not  been  reported  and  may 
be  rare  since  mirids  select  slow-moving  easy  and  safe 
prey  (Kullenberg  1944,  Frechette  et  al.  2007).  It  is  not 
known  whether  coccinellid  eggs  can  be  attacked  by 
mirids. 

Spiders  are  important  ladybird  predators  (Ceryn- 
gier & Hodek  1996, Yasuda & Kimura 2001:Fig.  7.6b). 
Most  spiders  are  generalists  and  frequently  share  a 
common  prey  with  generalist  coccinellids.  The  crab 
spider  Misumenops  tricuspidatus  attacked  larvae  of 
aphidophagous  coccinellids  (Yasuda  & Kimura  2001). 

IGF  by  the  derodontid  beetle  Laricobius  nigrinus  on 
eggs  of  the  ladybird  Sasajiscymnus  tsugae  has  also  been 
reported,  both  species  preying  on  the  hemlock  woolly 
adelgid  (Flowers  et  al.  2005). 


7. 9. 2. 2 Intraguild  predation  by  intraguild 
parasitoids 

IGF  on  coccinellids  can  result  from  parasitism  by  gen- 
eralist parasitoids  also  attacking  extraguild  prey. 
Babendreier  et  al.  (2003)  investigated  the  impact  on 
natural  enemies  of  mass  releases  of  Trichogramma 
brassicae  against  the  European  corn  borer  Ostrinia  nubi- 
lalis.  No  parasitoid  emerged  from  C.  septempunctata  and 
A.  bipunctata  eggs;  however,  young  larval  instars  of 
Trichogramma  were  recorded  in  A.  bipunctata  eggs  and 
egg  mortality  increased.  Since  several  coccinellids 
have  been  reported  as  predators  of  O.  nubilalis  eggs 
(Musser  & Shelton  2003),  the  interaction  is  considered 
as  IGF  (or  intraguild  parasitism). 
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7. 9. 2. 3 Intraguild  predation  by 
intraguild  pathogens 

IGP  on  coccinellids  can  result  from  contamination  by 
a generalist  pathogen  infesting  both  the  extraguild 
prey  and  the  coccinellid  hosts.  Contamination  by  the 
fungus  Beauveria  hassiana  has  been  observed  in 
hibernation  sites  (Iperti  1964,  1966,  Cottrell  & 
Shapiro-Ilan  2003).  In  biological  control  pro- 
grammes, contamination  by  generalist  pathogens  of 
both  coccinellids  and  the  target  pests  has  been 
extensively  demonstrated  with  fungi  (Hodek  1973, 
Todorova  et  al.  1996,  2000,  Cottrell  & Shapiro-Ilan 
2003,  2008),  bacteria/by-products  of  bacteria 
(e.g.  Giroux  et  al.  1994)  and  nematodes  (Mracek  & 
Ruzicka  1990,  Lemire  et  al.  1996,  Shapiro-Ilan  & 
Cottrell  2005).  Impacts  are  highly  variable  accord- 
ing to  the  strain/species  considered  (Krieg  et  al. 
1984,  Lucas  et  al.  2004b,  Cottrell  & Shapiro-Ilan 
2008). 

Some  coccinellid  species  avoid  preying  upon  sporu- 

lating  cadavers  of  extraguild  prey,  reducing  con- 
tamination risks  (Roy  et  al.  2008b). 


7.10  COCCINELLIDS  INTERACTING 
WITH  INTRAGUILD  ANTS 

Intraguild  interactions  between  ants  and  ladybirds 
mainly  result  from  aphid-attending  by  ants,  but  also 
may  include  ant  predation  by  coccinellids  (Majerus 
et  al.  2007;  see  also  5. 4. 1.6  and  8.2.4). 

Ants  attend  honeydew  producing  Hemiptera;  40% 
of  aphid  species  are  obligatorily  tended  by  ants  (Kunkel 
& Kloft  1985).  Since  they  feed  on  honeydew  and  some- 
times on  the  hemipterans  producing  it,  ants  belong  to 
the  same  guilds  as  aphidophagous  or  coccidophagous 
coccinellids.  Ants  protecting  honeydew  against 
predators  and  parasitoids  (e.g.  Way  1963,  Bradley 
1973,  Addicott  1979,  Ceryngier  & Hodek  1996)  are 
frequently  keystone  species  (producing  dispropor- 
tionately large  effects  on  the  abundance  of  interacting 
species  in  a community).  Consequently  the  natural 
enemy  guild  structure  is  drastically  changed  by 
the  presence  of  ants  (e.g.  Paine  1969,  Sloggett  & 
Majerus  2000,  Eubanks  & Styrsky  2006,  Guenard 
2007,  Majerus  et  al.  2007). 

Interactions  between  coccinellids  and  ants  depend 
on:  species  and  density  of  (i)  honeydew-producers, 
(ii)  ants,  and  (iii)  coccinellids  (Sloggett  & Majerus 


2000,  Harmon  & Andow  2007,  Majerus  et  al.  2007). 
The  aggressiveness  of  the  ants  and  the  ants- 
hemipteran  relative  density  determine  the  protec- 
tion intensity  or  bodyguard  effect  (Harmon  & 
Andow  2007).  The  numerical  response  of  ants 
and  natural  enemies  will  be  related  to  the  attractive- 
ness of  the  resource  (chemicals  produced  and  insect 
density). 

The  aptitude  to  exploit  ant-tended  aphid  colonies 
reflects  the  degree  of  myrmecophily  of  ladybirds.  Per 
definition,  myrmecophilous  species  would  take  more 
benefits  when  exploiting  colonies  tended  by  ants  than 
unattended  ones,  which  would  not  be  the  case  for  non- 
myrmecophilous  species. 

7.10.1  Non-myrmecophilous 
coccinellid  species 

Ants  mostly  show  aggressiveness  toward  non- 
myrmecophilous  coccinellids  (e.g.  Way  1963, 
Tedders  et  al.  1990,  Eubanks  2001,  Herbert  & Horn 
2008).  In  extreme  cases,  ants  may  even  kill  all  coc- 
cinellid developmental  stages  (Voelkl  1995,  Ceryngier 
& Hodek  1996,  Kaplan  & Eubanks  2002,  Eubanks  & 
Styrsky  2006,  Oliver  et  al.  2008). 

Ladybird  larvae  appear  to  be  more  susceptible  to 
ant  attacks  than  adults,  and  Sternorrhyncha  are 
usually  exploited  only  by  adult  ladybirds  (Reimer  et  al. 
1993,  Guenard  2007).  Ant-attended  sternorrhyn- 
chans  may  provide  enemy-free  space  for  potential 
intraguild  prey  of  non-myrmecophilous  coccinellids, 
such  as  myrmecophilous  coccinellids  (7.10.2), 
furtive  predators  (Guenard  2007)  or  parasitoids 
(Voelkl  1992,  Eischer  et  al.  2001). 

Mutualism  between  ants  and  honeydew-producers 
may  include  alarm  signals  for  the  attention  of  ants. 
The  treehopper  Publilia  concava  produces  an  acoustic 
vibration  alarm  signal  when  in  contact  with  Hai: 
axyndis'.  this  signal  increases  both  ant  activity  and  the 
probability  of  the  ants  detecting  the  ladybird  (Morales 
et  al.  2008). 

Consequently,  non-myrmecophilous  coccinellids  fre- 
quently leave  ant-attended  aphid  colonies,  and  may 
also  avoid  laying  eggs  in  these  patches  (Oliver  et  al. 
2008). 

According  to  Sloggett  and  Majerus  (2000),  there 
is  a great  variability  in  the  degree  of  associa- 
tion between  non-myrmecophilous  coccinellids  and 
ants,  co-occurrence  being  linked  to  an  extreme  food 
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specialization  and/or  to  a scarcity  of  non-attended 
colonies. 


7.10.2  Myrmecophilous  coccinellid  species 

Myrmecophilous  ladybirds  possess  morphological, 
behavioural  or  chemical  traits  that  efficiently 
protect  them  from  attacks  by  ants  (Pontin  1960, 
Majerus  1989,  Voelkl  1995,  1997,  Voelkl  & Vohland 
1996,  Sloggett  et  al.  1998,  Majerus  et  al.  2007).  Some 
species  are  also  able  to  follow  ant  trails  (Godeau  et  al. 
2003).  These  species  are  usually  restricted  to  ant- 
attended  systems  during  at  least  a part  of  their  life 
cycle.  The  benefits  of  being  able  to  exploit  ant-attended 
prey  include:  (i)  avoiding  competition  with  non- 
myrmecophilous  competitors  and  (ii)  avoiding 
predation/IGP/parasitism  in  an  enemy-free 
space  (Guenard  2007). 

For  example,  the  myrmecophilous  ladybird  Azya 
orhigera  is  a predator  of  the  green  coffee  scale.  Coccus 
viridis.  When  these  coccids  are  attended  by  the  ant 
Azteca  instabilis.  the  ants  attack  the  parasitoids  of 
A.  orhigera.  reducing  the  parasitization  rate  on  the 
ladybird  (Liere  & Perfecto  2008). 

The  myrmecophilous  Scymnus  posticalis  is  never 
attacked  by  ants  and  is  found  within  aphid  colonies 
together  with  another  ladybird,  Phymatosternus  lewisii 
(Kaneko  2007a).  Furthermore,  S.  posticalis  is  an 
intraguild  predator  of  the  aphid  parasitoid  Lysiphle- 
biis  japonicus  within  ant-attended  aphid  colonies 
(Kaneko  2007b).  This  means  that  ants  can  protect 
myrmecophilous  coccinellids  (Voelkl  1995)  and  other 
intraguild  prey  such  as  furtive  predators  against 
non-myrmecophilous  intraguild  predators  and/or 
intraguild  parasitoids  (Guenard  2007),  but  do  not 
protect  them  against  other  myrmecophilous  species. 

7.11  APPLIED  ASPECTS  OF 
INTRAGUILD  INTERACTIONS 

7.11.1  Conservation 

Intraguild  interactions  may  affect  coccinellid  co- 
existence and  consequently  coccinellid  diversity 
conservation.  This  is  illustrated  by  biological  inva- 
sions that  occurred  in  North  America,  notably  with  C. 
septempunctata,  Hai:  axyridis,  and  P.  quatuordecimpunc- 
tata.  but  also  Hip.  variegata  (Day  et  al.  1994,  Coderre 


et  al.  1995,  Brown  & Miller  1998,  Brown  2003, 
Turnock  et  al.  2003,  Alyokhin  & Sewell  2004,  Lucas 
et  al.  2007a,  b).  These  invasions  have  greatly  modi- 
fied the  structure  and  dynamics  of  the  coccinellid 
assemblages  (e.g.  Evans  1991,  Elliott  et  al.  1996, 
Horn  1996,  Brown  & Miller  1998,  Michaud  2002, 
Turnock  etal.  2003,  Lucas  et  al.  2007b:  but  see  Brown 

2003) .  In  Eastern  Canada,  for  example,  the  exotic 
species  P.  quatuordecimpunctata.  C.  septempunctata,  and 
Har.  axyridis  are  dominant  in  most  agricultural  eco- 
systems that  have  aphids  (Lucas  et  al.  2007b).  By  the 
end  of  the  1970s,  the  dominant  species  in  Quebec 
maize  fields  was  Hip.  tredecimpunctata  tibialis.  Eollowing 
the  invasion  of  exotic  ladybirds  this  species  disap- 
peared completely  from  maize  ecosystem  (Coderre 
& Tourneur  1986,  Lucas  et  al.  2007b),  but  it  is 
still  present  in  wild  environments  (S.  Laplante, 
unpublished). 

In  northeastern  USA,  successive  invasions  by  the 
same  exotic  species  caused  a significant  decline  in  Hip. 
tredecimpunctata  and  C.  transversoguttata  abundances, 
but  increased  coccinellid  diversity  (Alyokhin  & Sewell 

2004) .  A positive  correlation  between  the  densities  of 
the  three  invaders  was  possibly  a result  of  biotic  facil- 
itation. Similarly,  populations  of  Cycloneda  sanguinea, 
the  dominant  aphidophagous  coccinellid  in  Elorida 
citrus  ecosystems,  decreased  in  this  system  following 
Har.  axyridis  establishment  (Michaud  2002).  Interac- 
tions can  also  occur  between  invasive  species:  in 
the  midwestern  USA,  Har.  axyridis  replaced  C.  septem- 
punctata, allowing  the  return  of  several  native  coc- 
cinellid species  to  American  orchards  (previously 
excluded  by  C.  septempunctata)  (Horn  1996,  Brown 
1999,  2003). 

If  biological  invasions  are  detrimental  to  ladybird 
specialists,  they  probably  result  in  local  displace- 
ment of  euryphagous  species  (Evans  2004,  Mills 
2006).  Evans  (2004)  verified  the  shifting  habitat 
hypothesis  in  Utah  alfalfa  fields:  native  coccinellids 
abandoned  the  crop  when  an  invading  species  (C.  sep- 
tempunctata) kept  aphid  populations  at  low  densities, 
but  returned  to  that  crop  when  aphid  densities  were 
artificially  increased  (see  Eig.  7.4). 

In  order  to  co-exist,  the  intraguild  prey  should 
be  more  efficient  in  resource  exploitation  than 
the  intraguild  predator  (Holt  & Polls  1997,  Mylius 
et  al.  2001,  Arim&  Marquet  2004,  Borer  et  al.  2007). 
However,  the  predictions  of  most  models  are  not  valid 
in  the  field,  due  to  the  presence  of  more  than  two 
natural  enemy  species,  of  alternative  resources,  of 
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other  interactions  such  as  cannibalism,  of  a temporal 
sequence  of  predators,  of  refuges,  of  anti-predatory 
mechanisms,  or  others  (Okuyama  & Ruyle  2003, 
Kindlmann  & Houdkova  2006,  Amarasekare  2007, 
Borer  et  al.  2007,  Holt  & Huxel  2007,  Janssen  et  al. 
2007,  Rudolf  2007). 

Obrycki  et  al.  (1998b)  proposed  that  smaller  coc- 
cinellid  species  would  have  a competitive  advan- 
tage over  larger  ones  at  low  aphid  densities  because 
of  their  lower  food  requirements.  At  higher  aphid 
densities,  large  species  might  have  an  advantage  by 
IGP-interference.  This  may  promote  co-existence 
between  species. 

Which  mechanisms  cause  changes  in  coccinellid 
assemblages.?  It  is  very  difficult  to  clearly  establish  the 
link  between  field  studies  demonstrating  modifica- 
tions in  terms  of  composition,  abundance,  and  dynam- 
ics, and  laboratory  studies  on  interaction  processes. 
The  reality  is  complex,  with  changes  involving  direct 
interactions  (e.g.  IGP),  indirect  interactions  (e.g. 
exploitative  competition)  and  interguild  effects 
(7.12). 

Finally,  intraguild  interactions  may  also  prevent 
biological  invasion.  It  has  been  proposed  that  the 
failure  of  A.  hipunctata  to  invade  Japan  (Sakuratani  et 
al.  2000)  could  be  due  to  heavy  mortality  from  IGP 
by  Har.  axyridis  and  C.  septempunctata  (Kajita  et  al. 
2006;  but  see  Toda  & Sakuratani  2006). 


7.11.2  Biological  control 

Intraguild  interactions  may  affect  biological  control 
of  pests.  Coccinellids  act  as  natural  control  agents 
of  herbivorous  pests  and  several  species  are  used  com- 
mercially as  biocontrol  agents.  Intraguild  inter- 
actions may  affect  pest  control  synergistically, 
additively,  or  antagonistically  and  influence  biocon- 
trol mainly  by:  (i)  intraguild  predation,  (ii)  predator 
facilitation  and  (iii)  ant  interference. 

7.11.2.1  Intraguild  predation  and  biocontrol 

In  a meta-analysis  of  literature,  the  effects  on  her- 
bivorous pest  control  depended  on  the  type  of  IGP 
involved  (Rosenheim  & Harmon  2006). 

Observations  recorded  opposite  effects  of  IGP  by/ 
on  coccinellids  on  biological  control.  IGP  may 
disrupt  biological  control  by  ladybirds.  Adding  the 
spider  M.  tricuspidatus  (IGP  of  coccinellid  larvae) 


generated  a lower  level  of  aphid  control  than  by  lady- 
birds alone  (Yasuda  & Kimura  2001).  On  the  other 
hand.  Invasion  of  West  Virginia  (USA)  apple  orchards 
by  Hai:  axyridis  drastically  modified  the  coccinellid 
community,  but  improved  Aphis  spimecola  natural 
control  (Brown  & Miller  1998).  Snyder  et  al.  (2004a), 
Aquilino  et  al.  (2005)  andBilu  and  Coll  (2007)  suggest 
a complementarity  of  ladybirds  and  other  natural 
enemies.  Similarly,  Weisser  (2003)  reported  an  addi- 
tive effect  of  coccinellids  and  parasitoids  against 
the  pea  aphid. 

In  an  aphidophagous  guild,  IGP  by  Har.  axyridis  on 
Aphidoletes  aphidimyza  and  Chrysoperla  carnea  did  not 
affect  the  control  of  soybean  aphids.  Aphis  glycines, 
either  in  the  laboratory  or  in  field  cages  (Costamagna 
et  al.  2007,  Gardiner  & Landis  2007).  The  authors 
explained  this  by  the  fact  that  Har.  axyridis  and  C.  sep- 
tempunctata had  such  a strong  impact  on  aphids 
that  IGP  did  not  disrupt  biological  control. 

In  Florida  citrus  groves  Har.  axyridis,  011a  v-nigrum, 
Cycloneda  sanguinea,  and  Exochonms  childreni  were 
responsible  for  more  than  95%  mortality  of  immature 
stages  of  the  psyllid  parasitoid,  Tamarixia  radiata 
(Michaud  2004).  Removing  the  ladybirds  improved 
Diaphorina  citri  maturation  success  by  120-fold;  IGP 
did  not  decrease  biocontrol. 

Despite  high  IGP  in  greenhouse  cages  by  the  coc- 
cinellid Delphastus  pusillus  on  two  parasitoids  (Encarsia 
formosa  and  Encarsia  pergandiella),  no  disruption  of 
whitefly  control  occurred  (Heinz  & Nelson  1996). 

When  considering  IGP  between  coccinellids  and 
pathogens,  the  negative  impact  of  the  predator  (con- 
sumption of  infested  pests)  may  be  reduced  by  the 
transportation  of  infective  material  by  the  coc- 
cinellid (such  as  conidia)  and  subsequent  contami- 
nation of  uninfected  hosts  (Thomas  et  al.  2006). 

7.11.2.2  Facilitationandbiocontrol 

Predator  facilitation  may  occur  when  the  activity  of 
one  predator  increases  the  susceptibility  of  a shared 
prey  to  another  predator  (Losey  & Denno  1998,1999). 
In  the  complex  of  Col.  maculata,  Har.  axyridis,  and 
Nflfeis  sp.,  the  proportion  of  pea  aphids  consumed  was 
increased  by  0.14  when  enemy  richness  increased 
from  one  to  three,  due  to  predator  facilitation  and 
potentially  to  a decrease  in  intraspecific  competi- 
tion (Aquilino  et  al.  2005).  Nevertheless,  predator 
facilitation  may  be  rare  in  the  field,  since  three 
key  elements  are  required  for  this  interaction: 


362  E.  Lucas 


(i)  synchrony  of  the  predatory  species,  (ii)  predator- 
induced  escape  behaviour  of  the  prey  resulting  in 
habitat  switching  and  encounters  with  new  preda- 
tors, and  (iii)  minimal  negative  interaction  between 
the  predatory  species  (Losey  & Denno  1999). 

7.1 1.2.3  Ants  and  biocontrol 

Ants  exert  disruptive  impact  on  the  biological  control 
of  honeydew-producing  pests  by  coccinellids  (Ceryn- 
gier  & Hodek  1996,  Kaplan  & Eubanks  2002,  Herbert 
& Horn  2008).  For  instance,  the  presence  of  the  ant 
Pheidole  megacephala  prevented  effective  control  of 
Coccus  viridis  by  coccidophagous  coccinellids,  mainly 
Azi/a  luteipes  and  Curinus  coeruleus  in  Hawaiin  coffee 
trees  (Reimer  et  al.  1993). 

The  mutualism  between  ants  and  honeydew- 
producers  leads  to  an  increase  of  both  taxa  but  also 
to  a greater  suppression  of  other  herbivorous 
species  such  as  caterpillars  and  phytophagous  bugs, 
and  may  thus  have  an  overall  beneficial  effect 
(Eubanks  & Styrsky  2006). 

7.1 1.2.4  Intraguild  interactions 
and  biocontrol  approaches 

Intraguild  interactions  involving  ladybirds  may  have 
more  or  less  significant  impacts  depending  on  the  type 
of  biocontrol  implemented.  In  classical  biological 
control,  the  main  effect  of  intraguild  interaction 
would  be  biotic  interference  between  local  and 
released  agents  (Goeden  & Louda  1976,  Stiling  1993). 
Introduced  coccinellid  species  rarely  lowered  the  pest 
control  levels.  For  example,  the  introductions  of  Har. 
axyridis,  C.  septempuiictata  or  P.  quatuordecimpunctata  in 
North  America  did  not  reduce  the  natural  control  of 
agricultural  pests,  despite  strong  effects  on  native  lady- 
bird species  (Gardiner  & Landis  2007,  Lucas  et  al. 
2007a),  but  see  the  case  of  Aphis  spiraecola  above.  As 
local  species,  ladybirds  can  also  interact  with  the 
released  agent  through  competition  and  IGF.  Releases 
of  Aphidius  colemani  improved  the  control  of  soybean 
aphids,  despite  IGF  by  Hat  axyridis  and  Chrysoperla 
carnea  (Chacon  et  al.  2008). 

Contrasting  effects  of  IGF  have  been  reported  in 
augmentative  biocontrol.  IGF  may  influence  inun- 
dative biological  control  when  released  agents  (i) 
attack  local  intraguild  members,  (ii)  are  attacked  by 
local  intraguild  members,  (iii)  are  attacked  by  other 
released  agents.  Heavy  predation  upon  released  agents 


(and  biocontrol  disruption)  has  been  observed  in 
some  experiments  (that  do  not  involve  ladybirds)  (e.g. 
Rosenheim  et  al.  1993,  1999).  By  contrast,  despite 
intense  IGF,  aphid  control  was  greatest  in  treat- 
ments using  both  Hip.  convergens  and  the  parasitoid 
L.  testaceipes,  probably  due  to  a partial  preference 
of  the  coccinellid  for  unparasitized  aphids  (Golfer  & 
Rosenheim  2001). 

In  a conservation  biocontrol  approach,  most  pro- 
grammes tend  to  diversify  the  environment,  in  order  to 
increase  natural  enemy  biodiversity/abundance 
and/or  to  anticipate  tbeir  colonization  of  focal 
crops  (Thomas  et  al.  1992,  Landis  et  al.  2000).  A more 
complex  environment  may,  for  example,  provide  more 
refuges  for  intraguild  prey  and  reduce  encounter 
frequencies  (Fincke  & Denno  2002).  Increasing  the 
richness  of  natural  enemies  may  also  enable  predator 
facilitation. 

The  impact  of  management  on  crop  coloniza- 
tion by  natural  enemies  is  of  critical  importance.  For 
example,  colonization  sequence  may  determine 
the  intraguild  predator/prey  status  of  each  guild 
member  and  consequently  could  lead  to  avoidance 
mechanisms.  In  rape,  pea  and  wheat  crops,  the 
apbidopbagous  guild  in  the  margin  strips  of  stinging 
nettle  differed  from  that  of  the  crops  (Alhmedi  et  al. 
2007a,  c):  while  Har  axyridis  was  more  common  in  the 
field  margins  than  in  the  crops,  C.  septeinpimctata 
showed  the  reverse  pattern. 

7.12  INTERGUILD  EFFECTS 

Because  of  a wide  range  of  food,  predaceous  coccinel- 
lids belong  to  different  guilds.  Ladybirds  respond 
numerically  (Evans  & Toler  2007;  5.3.5)  or  func- 
tionally (Lucas  et  al.  2004a;  5.3.2)  to  the  simultane- 
ous presence  of  several  prey  species.  Intraguild 
interactions  affecting  coccinellid  populations  would 
thus  affect  the  different  guilds  concerned.  For  example 
the  honeydew  produced  by  the  aphid  Rhopalosiphum 
maidis  on  maize  plants  in  the  laboratory  drastically 
increased  the  longevity  and  parasitism  performance  of 
the  parasitoid  Trichogramma  ostriniae.  Since  this  para- 
sitoid is  released  in  augmentative  control  pro- 
grammes against  the  European  corn  borer,  any  impact 
on  aphid  populations  by  aphidophagous  predators 
(such  as  coccinellids)  would  decrease  honeydew 
production  and  consequently  reduce  the  parasitoid 
efficiency  against  the  target  pest  (Fuchsberg  et  al. 
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2007).  The  situation  is  even  more  complicated  since 
several  predatory  coccinellids  belong  both  to  the 
aphidophagous  guild  and  to  the  guild  that  exploit  corn 
borers  (Musser  & Shelton  2003).  Additionally,  Tricho- 
gramma  spp.  can  theoretically  parasitize  aphidopha- 
gous insect  eggs  (Babendreier  et  al.  2003,  Mansfield  & 
Mills  2004). 

7.13  CONCLUSION 

In  the  previous  books  on  ladybirds,  no  chapter  was 
specifically  dedicated  to  intraguild  interactions 
(Hodek  1973,  Hodek&Honek  1996).  Studies  on  inter- 
actions involving  ladybirds  focussed  mainly  on  verti- 
cal interactions  (such  as  predaceous  coccinellids 
versus  prey).  In  the  last  20  years,  horizontal 
(intraguild)  interactions  have  been  studied  increas- 
ingly and  it  is  now  clear  that  these  interactions  dra- 
matically influence  the  composition,  structure  and 
dynamics  of  guilds  and  consequently  of  entomologi- 
cal communities,  fntraguild  interactions  have  gener- 
ated ecological  and  evolutionary  responses  by 
ladybirds  such  as  defensive  responses,  etc. 

Despite  this  recent  interest,  intraguild  interactions 
remain  difficult  to  study  and  many  questions  are 
pending.  At  the  methodological  level,  intraguild 
interactions  (specifically  IGF)  are  difficult  to  detect 
and  quantify  in  the  field.  Traditional  methods  in 
the  laboratory,  in  field  cages  or  in  the  field  provide  a 
rough  estimate  of  the  interactions.  The  intensity  of 
the  interaction  (Hindayana  et  al.  2001),  as  well  as  its 
direction  (Frechette  et  al.  2007),  can  change  accord- 
ing to  complexity  and  size  of  the  experimental  arena. 
Alternative,  but  very  time-consuming  methods  include 
gut  dissection  (Triltsch  1997;  5.2.1)  and  direct 
observations  (e.g.  Rosenheim  et  al.  1999;  Chapter 
10)  that  provide  precise  and  realistic  information 
on  the  interaction  and  permit  impact  quantifica- 
tion. Fortunately,  powerful  new  tools  (such  as 
molecular  methods)  have  been  developed  (Chapter  10). 

At  the  conceptual  level,  studies  considering  the 
complexity  of  the  whole  system  are  needed.  It  is 
crucial  that  future  studies  consider  not  only  the 
intraguild  organisms,  but  also  other  co-occurring 
species,  other  potential  prey,  and  higher-order 
natural  enemies.  Since  most  coccinellid  species 
studied  are  generalist  predators  (i.e.  belong  to  mul- 
tiple guilds)  future  studies  should  thus  also  consider 
interguild  effects.  Doing  this  may  lead  to  a different 


interpretation  of  the  impact  of  an  interaction  on 

species  coexistence  or  on  biological  control  effi- 
ciency (Eubanks  & Styrsky  2006,  Straub  & Snyder 
2006). 

Future  studies  should  also  consider  the  multiple 
co-occurring  types  of  interactions,  e.g.  IGF  and 
defences  and  their  indirect  effects. 

There  is  crucial  need  to  consider  intraguild  interac- 
tions at  larger  temporal  (covering  several  genera- 
tions) and  spatial  (landscape)  scales,  and  to  consider 
individual,  population,  community  and  ecosys- 
tem levels.  The  real  impact  of  an  intraguild  interaction 
remains  very  difficult  to  assess  at  a large  spatial  scale. 
Alternatively  it  is  speculative  to  link  an  ecological 
phenomenon  evaluated  at  a large  scale  with  a spe- 
cific intraguild  interaction.  For  example,  it  is 
extremely  difficult  to  establish  if  a species  is  excluding 
another  one  via  IGF  at  the  landscape  scale.  Further- 
more, most  studies  on  intraguild  interactions  are 
carried  out  over  short  temporal  scales. 

Finally,  even  if  biotic  (e.g.  biological  invasion), 
abiotic  (e.g.  global  climatic  change)  or  anthropic 
factors  (e.g.  biological  control  programmes)  have  been 
studied  by  focussing  on  vertical  interactions,  their 
impact  on  intraguild  interactions  remains  poorly 
understood. 

Studies  on  intraguild  interactions  are  concen- 
trated on  just  a few  systems  and  some  guilds  are 
poorly  studied;  the  present  chapter  is  consequently 
biased  toward  aphidophagous  guilds.  The  litera- 
ture available  is  also  biased  toward  laboratory 
results  and  considers  only  a few  species.  Sloggett 
(2005)  showed  that,  from  1995  to  2004,  76%  of  the 
available  literature  on  intraguild  relations  of  aphido- 
phagous ladybirds  was  concentrated  on  five  species; 
C.  septempunctata  33%,  Har.  axyridis  19%,  Col.  maculata 
12%,  A.  Iripunctata  7%  and  Hip.  convergens  5%.  Thus 
there  is  a great  need  for  studies  on  less-studied  species 
or  within  less-studied  guilds,  and  especially  in  the 
field. 

An  interesting  result  from  Sloggett's  analysis  is  that 
before  1974,  no  study  on  intraguild  interactions 
was  available,  whereas  108  studies  out  of  a total  of 
623  (>17%)  were  reported  in  the  1995-2004  period 
(Sloggett  2005). 

To  conclude,  it  can  be  claimed  that  intraguild  inter- 
actions now  retain  the  attention  of  the  scientific 
community  and  generate  a huge  amount  of  litera- 
ture. Intraguild  interactions  are  fascinating  and  yet 
remain  mainly  terra  incognita. 
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8.1  INTRODUCTION 

The  term  natural  enemy  is  often  used  to  denote  an 
organism  that  draws  nutrition  from  another  organism, 
such  as  a predator  (or  herbivore),  parasitoid,  parasite 
or  pathogen  (e.g.  DeBach  & Rosen  1991,  Thacker 
2002).  In  this  review,  we  consider  natural  enemies  in 
a broader  sense  and  define  them  after  Flint  and  Dreis- 
tadt  (1998)  as  ‘organisms  that  kill,  decrease  the  repro- 
ductive potential,  or  otherwise  reduce  the  numbers  of 
another  organism’.  Such  a definition  would  include 
some  organisms  that  interact  with  the  prey  organism 
in  ways  other  than  exploitation,  e.g.  through  competi- 
tion or  self-defence.  Most  interactions  between  lady- 
birds and  their  competitors,  including  intra-guild 
predation,  are  discussed  elsewhere  (Chapter  7).  Here, 
we  consider  the  relations  of  predatory  Coccinellidae 
with  Hemiptera-tending  ants,  and  devote  a short 
section  to  mites  phoretic  on  Coccinellidae.  Although 
this  phoretic  relationship  has  not  been  shown  to  be 
detrimental  to  ladybirds,  the  shared  food  resources  of 
mites  and  ladybirds  (both  prey  on  the  same  hemipter- 
ans)  make  them  competitors.  Another  unusual  inter- 
action that  may  harm  ladybirds  is  that  with  some  of 
their  prey,  i.e.  social  aphids  which  produce  aggressive 
soldiers  defending  their  colonies  against  predators. 
This  is  also  briefly  discussed  here.  All  remaining  organ- 
isms considered  as  natural  enemies  of  ladybirds  in  this 
review  behave  in  an  exploitative  manner. 

8.2  PREDATION  AND 
RELATED  PHENOMENA 

8.2.1  Anti-predator  defences 

Ladybirds  display  a range  of  general  defence  reactions, 
from  escape  (by  flying  away,  running  away  or  dropping 
to  the  ground)  to  immobilization  (so-called  thanatosis) 
and  also  other  more  specific  anti-predator  adaptations. 

8.2. 1.1  Aposematic  colouration  and  other 
visual  signals 

Adults  of  many  members  of  Coccinellidae  are  conspic- 
uously coloured,  often  with  contrasting  red-and-black 
or  yellow-and-black  patterns  on  their  elytra.  Such  pat- 
terns usually  serve  as  aposematic  (warning)  coloura- 
tion (Moore  et  al.  1990,  Joron  2003).  Larvae  and 
pupae  may  also  be  aposematically  coloured  with  dark 


and  bright  areas  on  their  surface  (e.g.  Richards  1985, 
Holloway  et  al.  1991).  The  function  of  warning  col- 
ouration is  to  advertise  to  potential  predators  that  the 
bearer  is  unpalatable,  toxic  or  nutritionally  unprofita- 
ble (Joron  2003,  Blount  et  al.  2009).  Indeed,  ladybirds 
are  often  distasteful  and  toxic  to  vertebrate  and  inver- 
tebrate predators  (Daloze  et  al.  1995).  A recent  experi- 
mental study  by  Dolenska  et  al.  (2009)  suggests  that 
not  only  warning  colours  but  also  any  spotted  pattern 
and  general  ladybird  appearance  (oval  and  convex 
body  shape)  may  be  signals  of  prey  unprofitability  for 
some  optically  oriented  vertebrate  predators,  such  as 
the  great  tit  {Pams  major). 

8.2. 1.2  Reflex  bleeding 

The  bitter  taste  and  toxic  properties  of  many  ladybird 
beetles  can  be  attributed  to  a variety  of  defensive 
alkaloids  (Daloze  et  al.  1995).  About  50  different 
alkaloids  have  been  identified  in  coccinellids  (Laurent 
et  al.  2005).  The  alkaloids  are  produced  in  ladybird 
haemolymph  and  are  distributed  by  the  haemolymph 
throughout  the  insect’s  body.  When  disturbed,  lady- 
birds secrete  droplets  of  haemolymph  through  tibio- 
femoral articulations.  The  released  fluid  is  called  ‘reflex 
blood’  and  the  corresponding  defence  mechanism  - 
‘reflex  bleeding’.  Reflex  bleeding  is  commonly  used  by 
adults  of  many  ladybird  species  and  by  larvae  and/or 
pupae  of  some  species,  but  in  the  latter  cases,  the  fluid 
is  usually  released  from  pores  in  the  dorsal  body  surface 
(Holloway  et  al.  1991,  Daloze  et  al.  1995).  The  pupae 
of  some  Epilachninae  are  known  to  exude  the  droplets 
of  defensive  fluid  by  specialized,  glandular  hairs 
(Schroeder  et  al.  1998).  In  adult  ladybirds,  reflex  bleed- 
ing is  often  associated  with  thanatosis  (Daloze 
et  al.  1995.  Ceryngier  & Hodek  1996). 

Various  ladybird  species  have  been  shown  to  exert 
differing  degrees  of  response  and  harmful  effects  on 
predators  which  is  attributed  to  differences  in  their 
alkaloid  composition.  Marples  et  al.  (1989)  reported 
that  blue  tit  {Cyanistes  caeruleus)  nestlings  suffer  severe 
mortality  when  supplied  with  food  containing  homog- 
enized Coccinella  septempimctata  beetles,  but  no  toxic 
effect  was  observed  when  homogenized  Adalia  bipunc- 
tata  were  added  to  the  nestlings’  food.  Adalia  decem- 
punctata  also  had  no  apparent  toxic  effect  on  blue  tit 
nestlings  (Marples  1993).  The  high  toxicity  of  C.  sep- 
tempunctata  was  associated  with  severe  pathological 
changes  in  the  blue  tits'  livers  (Marples  et  al.  1989), 
and  this  was  probably  caused  by  coccinelline,  the  main 
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C.  septempunctata  alkaloid.  In  contrast  to  coccinelline, 
the  major  alkaloid  compound  of  Adalia  species,  adaline, 
appears  rather  benign  to  young  tits.  These  striking  dif- 
ferences led  the  authors  to  the  conclusion  that  light- 
coloured  (typical)  A.  bipunctata  and  A.  decempunctata 
are  Batesian  mimics  of  their  toxic  relative,  C.  septem- 
punctata. Melanie  Adalia  individuals  are,  according  to 
this  hypothesis,  the  mimics  of  another  model  species, 
Exochomus  quadripustulatus. 

Elytra  colouration  in  Harmonia  axyridis  (at  least  in 
its  light  form  succinea)  seems  to  represent  a true  apose- 
matic  signal.  Bezzerides  et  al.  (2007)  found  that  the 
proportion  of  light  areas  on  light-and-black  patterned 
elytra  of  this  form  was  positively  correlated  with  the 
concentration  of  the  alkaloid  harmonine  in  ladybird 
bodies. 

Reflex  blood  also  contains  methylallcylpyrazines, 
which  are  involved  in  ladybird  defence.  In  contrast  to 
alkaloids,  pyrazines  are  volatile,  so  they  can  be  olfacto- 
rily  detected  by  predators.  They  are  responsible  for  the 
odour  that,  in  addition  to  aposematic  colouration, 
acts  as  a signal  in  highlighting  the  unprofitability  of  a 
ladybird  as  food.  It  was  found  that  pyrazines  tend  to  be 
absent  from  cryptically  coloured  Coccinellidae,  but  are 
often  present  in  aposematic  species  (Moore  et  al.  1990, 
Daloze  et  al.  1995). 

Reflex  bleeding  may  also  act  as  a mechanical 
defence  against  some  invertebrate  predators.  The  fluid 
coagulates  quickly  on  exposure  to  air  and  may  stick  to 
a predator’s  legs,  antennae  and  mouthparts  (Eisner 
etal.  1986). 

8. 2. 1.3  Morphological 
anti-predator  adaptations 

Adult  Coccinellidae,  like  most  beetles,  are  relatively 
well  protected  against  many  predators  by  their  exoskel- 
eton and  elytra.  Ladybird  pupae  also  have  relatively 
hard  cuticles  and,  in  many  species,  are  additionally 
protected  by  the  final  larval  skin.  Larvae,  and  some- 
times pupae,  may  be  defended  by  spiny  projections  or 
wax  covers  (Pope  1979,  Richards  1980,  Majerus  et  al. 
2007).  Pupae  of  many  Coleoptera,  including  Coccinel- 
lidae, have  deep  intersegmental  clefts  with  heavily  scle- 
rotized  margins  between  some  of  the  abdominal 
tergites.  These  devices,  called  ‘gin  traps',  act  as  jaws 
when  a disturbed  pupa  rapidly  raises  and  drops  its 
body.  Gin  traps  of  Cycloneda  sanyuinea  pupae  have  been 
found  an  effective  defence  against  ant  attacks  (Eisner 
& Eisner  1992). 


8.2.2  Vertebrate  predators 

Despite  being  distasteful  and  toxic,  ladybird  beetles 
have  been  reported  to  be  eaten  by  various  vertebrate 
and  invertebrate  predators.  Predation  by  vertebrates 
concerns  virtually  all  the  main  groups:  fish  (e.g. 
Gomiero  et  al.  2008),  amphibians  (e.g.  Cicek  & Mermer 
2007),  reptiles  (e.g.  Pal  et  al.  2007),  birds  (e.g.  Mizer 
1970)  and  mammals  (e.g.  Chapman  et  al.  1955). 

Predation  of  Coccinellidae  by  birds  has  been  ana- 
lyzed in  detail.  The  contribution  of  Coccinellidae  to 
the  diet  of  birds  was  highlighted  by  Mizer  (1970) 
in  Ukraine  through  analysis  of  food  remnants  in 
almost  7000  stomachs  of  birds  belonging  to  234 
species.  Mizer  (1970)  detected  ladybirds  in  the  diet 
of  20%  of  bird  species,  but  only  in  2%  of  the  stom- 
achs (individuals)  examined  (Pig.  8.1).  Ladybirds 
found  in  bird  stomachs  belonged  to  23  species,  of 
which  two,  C.  septempunctata  and  Hippodamia  variegata, 
accounted  for  more  than  a half  of  the  total  number 
(Fig.  8.2). 

Mean  numbers  of  ladybirds  per  bird  stomach  are 
given  in  Fig.  8.3,  for  those  bird  species  which  were 
represented  in  Mizer’s  data  by  at  least  20  individuals. 
For  almost  all  bird  species  considered,  there  was  less 
than  half  a ladybird  per  stomach.  The  only  exception 
was  the  house  martin  (Delichon  urbica)  with  the  average 
number  of  0.75  ladybirds  per  stomach,  which  is  con- 
sistent with  the  findings  of  other  researchers,  that 
birds  feeding  on  the  wing  such  as  swifts,  swallows  and 
martins  often  ingest  ladybirds  (Muggleton  1978, 
Majerus  & Majerus  1997a). 

From  Fig.  8.3,  it  is  apparent  that  the  tree  sparrow 
{Passer  montanus)  is  the  next  most  frequent  bird  preda- 
tor of  Coccinellidae.  This  species  is  partly  granivorous 
in  its  adult  life,  but  feeds  its  nestlings  mostly  with 
insects.  In  the  surroundings  of  Bratislava  (Slovakia), 
and  several  localities  in  Poland,  coccinellid  larvae, 
pupae  and  adults  were  found  to  constitute  one  of  the 
major  fractions  of  the  nestling  diet  of  tree  sparrows 
and  house  sparrows  (Passer  domesticus)  (Wieloch 
1975,  Kristin  1986,  Kristin  et  al.  1995). 

8.2.3  Invertebrate  predators 

Spiders  are  frequently  reported  as  preying  on  ladybirds, 
especially  web-building  spiders  (e.g.  Nentwig  1983, 
Laing  1988,  Richardson  & Hanks  2009,  Sloggett 
2010).  However,  the  experimental  study  by  Nentwig 
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Figure  8.1  Analysis  of  stomach  contents  of  Ukrainian  birds  (data  extracted  from  Mizer  1970).  Bars,  numbers  of  stomachs; 
dots,  numbers  of  bird  species. 
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Figure  8.2  Species  composition  of  Coccinellidae  found  in  stomachs  of  Ukrainian  birds  (data  extracted  from  Mizer  1970). 


(1983)  suggests  that  ladybird  beetles,  even  if  caught  in 
a spider  web,  may  be  not  eaten. 

In  contrast  to  web-builders,  actively  hunting 
spiders  can  capture  their  prey  in  a more  targetted 
manner.  It  was  found  that  these  predators  relatively 
rarely  attack  coleopterans  because  of  their  thick  and 
hard  cuticle  (Nentwig  1986,  Nyffeler  1999).  In  the 


case  of  Coccinellidae,  defensive  alkaloids  may  act  as 
additional  protection  (Eisner  et  al.  1986:  Camarano 
et  al.  2006). 

Insects  of  various  orders  (e.g.  Hemiptera,  Diptera, 
Coleoptera,  Neuroptera)  have  been  reported  to  prey  on 
Coccinellidae,  and  many  of  them  are  intraguild  preda- 
tors (Chapter  7).  Insects  not  belonging  to  the  same 
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Figure  8.3  Mean  numbers  of  ladybirds  in  the  stomachs  of  individual  bird  species  (data  extracted  from  Mizer  1970).  The 
number  of  stomachs  analysed  is  given  in  brackets. 


guild  as  their  predatory  ladybird  prey  include  gomphid 
dragonflies  (Odonata:  Gomphidae)  {Conrad  2005), 
robber  flies  (Diptera:  Asilidae)  (Ghahari  et  al.  2007) 
or  vespid  wasps  (Hymenoptera:  Vespidae)  (Gambino 
1992). 

Predatory  insects  known  to  hunt  phytophagous 
ladybirds  include  beetles  (entomophagous  Coccinelli- 
dae.  Carabidae,  Cantharidae),  true  bugs  (Anthocori- 
dae.  Nabidae.  Reduviidae.  Pentatomidae.  Lygaeidae), 
neuropterans  (Chrysopidae,  Myrmeleontidae),  butter- 
flies (larvae  of  some  Noctuidae),  earwigs  (Forficulidae) 
and  ants  (Formicidae)  (Howard  & Landis  1936, 
Ohgushi  1986).  Ants  are  also  known  as  occasional 
predators  of  predatory  coccinellids  (Sloggett  et  al. 
1999,  Majerus  et  al.  2007),  but  the  majority  of  inter- 
actions between  these  two  groups  of  insects  are  of  a 
competitive  nature. 

8.2.4  Hemiptera-tending  ants 

The  mutualistic  relationship  in  which  ants  tend 
honeydew-producing  Hemiptera  is  a very  common 
and  widespread  phenomenon  (Styrsky  & Eubanks 
2007).  The  great  majority  of  ants  taking  part  in  such 
associations  belong  to  phylogenetic  ally  advanced  sub- 


families Dolichoderinae,  Formicinae  and  Myrmicinae. 
The  hemipterans  most  frequently  attended  are  aphids 
(Aphididae),  soft  scales  (Coccidae)  and  mealybugs 
(Pseudococcidae)  (Delabie  2001).  Ants  benefit  from 
this  association  mainly  by  feeding  on  honeydew,  a pre- 
dictable and  renewable  source  of  carbohydrates  and 
other  compounds.  The  most  important  gains  of  hemi- 
pterans are  sanitation  of  their  colonies  and  the  protec- 
tion from  natural  enemies  (Delabie  2001,  Majerus 
et  al.  2007,  Styrsky  & Eubanks  2007). 

By  protecting  honeydew  producers,  ants  come  into 
antagonistic  interactions  with  potential  enemies  of  the 
former,  including  ladybirds  (Majerus  et  al.  2007).  The 
level  of  ant  aggression  towards  enemies  of  the  tended 
hemipterans  increases  with  increasing  proximity  to 
the  tended  colonies  (Hanks  & Sadof  1990,  Sloggett 
et  al.  1998,  Dejean  et  al.  2002,  Sloggett  & Majerus 
2003,  Majerus  et  al.  2007).  As  a consequence  of  a 
high  ant  aggression,  ladybird  adults  and  especially 
their  soft-bodied  larvae  are  sometimes  killed  when 
feeding  on  ant-tended  resources  (Cochereau  1969, 
Majerus  1989,  Dejean  et  al.  2002).  More  often,  adults 
are  chased  from  the  colony,  while  larvae  may  be  picked 
up  and  carried  away  or  dropped  off  the  plant  (Hanks  & 
Sadof  1990,  Majerus  et  al.  2007).  The  number  of  coc- 
cinellids is  usually  lower  in  the  presence  of  ants  than 
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in  their  absence  (Bradley  1973,  Reimer  et  al.  1993, 
Takizawa  & Yasuda  2006). 

Many  ladybird  species  can  reduce  the  effects  of  ant 
aggression  using  various  kinds  of  behavioural,  physi- 
cal and  chemical  defences.  Mechanisms  of  ladybird 
defence  against  ants  were  recently  reviewed  by  Majerus 
et  al.  (2007)  and  include  running  or  flying  away. 


dropping  to  the  ground,  taking  a ‘clamp  down’  posture, 
reflex  bleeding,  mechanical  protection  by  hard  exoskel- 
eton or  structures  such  as  spines  or  wax  filaments. 

More  specific  adaptations  allowing  avoidance  of  ant 
aggression  can  be  found  in  those  ladybird  species  that 
specialize  in  feeding  on  ant-tended  hemipterans  (Table 
8.1).  Some  of  these  myrmecophilous  ladybirds 


Table  8.1  Ladybirds  adapted  to  feed  on  prey  tended  by  ants. 


Tended  prey 

Adaptations  to 

Ladybird 

Ant 

group 

Region 

ant  aggression 

References 

COCCINELLINAE 

Coccinellini 

Coccinella 

Formica  spp. 

aphids 

Paiaearctic 

possibiy  chemicai 

2,  11,  12,  13 

magnifica 

and/or 

behaviourai 

protection 

SCYMNINAE 

Scymnini 

Scymnus 

Lasius  niger 

aphids 

Germany 

smeary,  adhesive 

15 

interruptus 

wax  cover  of  the 
iarva  repeis  ant 
attack 

Scymnus  nigrinus 

Formica 

aphids 

Germany 

smeary,  adhesive 

15 

polyctena 

wax  cover  of  the 
iarva  repeis  ant 
attack 

Scymnus  (Pullus) 

Lasius  niger, 

aphids 

Japan 

iarvae  ignored  by 

3,  4 

posticalis 

Pristomyrmex 

ants  (wax  cover 

pungens 

may  function  as 

chemicai 

camoufiage) 

Hyperaspidini 

Hyperaspis  conviva 

Formica 

coccid 

Manitoba 

iarvae  rareiy 

1 

obscuripes 

(Canada) 

attacked,  wax 
cover  and  refiex 
bieeding 
- sufficient 
protection 

Hyperaspis 

Tapinoma 

fuigorid 

itaiy 

iarvae  not 

10 

reppensis 

nigerrimum 

(Auchenorrhyncha) 

attacked,  adults 
- ‘cowering 
behaviour’  when 
attacked 

Brachiacanthadini 

Brachiacantha 

Lasius 

coccids 

Massachusetts 

larvae  covered 

16 

quadripunctata 

umbratus 

(USA) 

with  waxy  tufts 
resemble  giant 
coccids 

Brachiacantha 

Lasius  claviger 

aphids 

Washington 

larvae  with  waxy 

9 

ursina 

DC  (USA) 

cover  not 
attacked  by  ants 

Table  8.1  {Continued) 


Tended  prey 

Adaptations  to 

Ladybird 

Ant 

group 

Region 

ant  aggression 

References 

Platynaspidini 

Phymatosternus 

Pristomyrmex 

aphids 

Japan 

coccid-like  larvae 

4 

lewisii 

pungens 

not  attacked  by 
ants 

Platynaspis 

Lasius  niger, 

aphids 

Europe 

larvae  - 

6,  14 

luteorubra 

Myrmica 

morphological 

rugulosa, 

adaptations 

Tetramorium 

(flattened  shape. 

caespitum 

long  setae,  short 
legs)  and 
presumably 
chemical 

camouflage 
pupae  - dense 

hair  cover 

adults  - ‘cowering 

behaviour’ 

ORTALIINAE 

Ortaliini 

Apolinus 

Crematogaster 

aphids 

eastern 

very  long  body 

7 

lividigaster 

sp.. 

Australia 

projections  and 

Paratrechina 

wax  cover  in 

sp. 

larva  and  pupa, 
defensive 
behaviour  of 
larva,  waxy 
smear  around 
pupa 

COCCIDULINAE 

Coccidulini 

Rodatus  major 

Iridomyrmex 

margarodid 

eastern 

larval  feeding 

8 

sp. 

(Coccoidea)  eggs 

Australia 

inside 
margarodid 
ovisac,  wax 
cover  and 
defensive 
behaviour  of  the 
larva,  wax 
shroud 
resembling 
margarodid 
ovisac  produced 
by  prepupa 

Azyini 

Azya  orbigera 

Azteca 

coccid 

Mexico 

sticky,  waxy 

5 

instabilis 

filaments  of  the 
larva  prevent 
effective  ant 
attack 

References:  1,  Bradley  (1973);  2,  Godeau  et  al.  (2009);  3,  Kaneko  (2002);  4,  Kaneko  (2007);  5,  Liere  & Perfecto  (2008); 
6,  Majerus  et  al.  (2007);  7,  Richards  (1980);  8,  Richards  (1985);  9,  Schwarz  (1890);  10,  Sllvestrl  (1903);  11,  Sloggett 
et  al.  (1998);  12,  Sloggett  et  al.  (2002);  13,  Sloggett  & Majerus  (2003);  14,  Volkl  (1995);  15,  Volkl  & Vohland  (1996);  16, 
Wheeler  (1911). 


382  P.  Ceryngier,  H.  E.  Roy  and  R.  L.  Poland 


(or  their  particular  life  stages)  are  ignored  by  the  ants 
and,  hence,  have  access  to  prey  resources  effectively 
defended  from  other  predators.  To  avoid  ant  aggres- 
sion, myrmecophilous  ladybirds  may  use  chemical 
camouflage  and/or  may  morphologically  mimic  their 
ant-tended  prey.  Wax  filaments  produced  by  the  larvae 
of  many  ladybird  species  make  them  very  similar  to 
some  of  their  prey,  e,g,  coccids  or  mealybugs.  Accord- 
ing to  Pope  (1979),  protection  against  ants  is  one  of 
the  main  functions  of  the  larval  wax. 


8.2.5  Social  aphids  with  a soldier  caste 

Some  aphids  in  the  subfamilies  Hormaphidinae  (mainly 
of  the  tribe  Cerataphidini)  and  Pemphiginae  are  known 
to  produce  morphologically  distinct  ‘soldiers'  that 
defend  reproducing  individuals  in  the  colony  from 
natural  enemies  (Stern  & Foster  1996),  Soldier- 
producing  species  are  usually  those  that  form  long- 
lived  galls  or  large,  exposed  colonies  (Aoki  et  al,  2001), 
In  most  species,  soldiers  are  a sterile  caste  constituting 
first  or  second  instar  nymphs  which  do  not  moult  to 
older  instars.  They  often  differ  from  normal  nymphs  by 
having  a more  elongate  body,  a shorter  proboscis  and 
enlarged,  sclerotized  legs  (Ito  1989,  Stern  & Foster 
1996,  Ijichi  et  al,  2005,  Kurosu  et  al,  2008),  To  fight 
with  potential  enemies,  soldiers  of  certain  aphids  use 
their  stylets,  through  which  some  of  them  inject  para- 
lyzing venom  (Kutsukake  et  al,  2004),  In  other  aphids, 
heads  of  the  soldiers  are  equipped  with  a pair  of  frontal 
horns  which  are  used  to  pierce  their  victims.  Charac- 
teristics of  soldiers  found  in  different  aphid  groups  are 
given  in  Table  8,2, 


A single  soldier  aphid  can  rarely  cause  fatal  damage 
to  a ladybird,  Shibao  (1998)  found  that  individual  sol- 
diers of  the  bamboo  aphid,  Pseudoregma  bambucicola, 
can  destroy  (with  their  frontal  horns)  a small  victim 
such  as  a syrphid  egg  or  hatchling,  but  are  unable 
to  kill  even  a first  instar  larva  of  predatory  ladybird, 
Synonycha  grandis.  Therefore,  soldiers  attack  in  unison; 
up  to  three  soldiers  have  been  observed  to  attack  a 
newly  hatched  S.  grandis  larva,  and  up  to  16  soldiers 
with  an  older  larva.  Very  large  (20-2  5 mm  in  length) 
fourth  instar  larvae  of  S.  grandis,  even  if  attacked  by 
many  soldiers,  are  usually  thrown  down  to  the  ground 
rather  than  killed.  Nevertheless,  experiments  per- 
formed by  Shibao  (1998)  showed  that  the  mortalities 
of  first  and  third-fourth  instar  larvae  of  S.  grandis  were 
positively  correlated  with  the  density  of  P.  bambucicola 
soldiers. 

The  developmental  stage  of  a ladybird  that  is  most 
vulnerable  to  attack  from  soldier  aphids  is  the  egg. 
Some  ladybirds  feeding  on  soldier-producing  aphids 
have  developed  adaptations  to  protect  their  eggs  from 
soldiers.  Females  of  Sasajiscymnus  kurohinie,  for 
example,  cover  their  eggs  with  a layer  of  faeces-like 
secretion,  which  supposedly  serves  as  a protection 
against  the  soldiers  of  Ceratovacuna  lanigera  and  P. 
bambucicola  (Arakaki  1988, 1992,  Joshi&Viraktamath 
2004),  Other  ladybird  species,  S.  grandis  and  Megalo- 
caria  dilatata,  lay  their  eggs  a safe  distance  from  aphid 
colonies  (Arakaki  1992,  Joshi  & Viraktamath  2004), 
Larvae  and  adults  of  the  latter  two  species  have  been 
observed  to  reflex  bleed  in  response  to  soldier  attacks 
(Joshi  & Viraktamath  2004),  Interestingly,  larvae  of  S. 
kurohinie  are  not  attacked  by  the  soldiers  of  C,  lanigera 
(Arakaki  1992), 


Table  8.2  Characteristics  of  aphid  soldiers  and  colonies  they  defend. 


Aphid  group 

Colony  type 

Developmental 
stage  of  soldiers 

Soldier 

weapon 

References 

Cerataphidini  on  primary  host 

in  galls 

2nd  instar 

stylets 

4, 

7,  9,  10,  11,  14 

plants  {Styrax  spp,) 

Cerataphidini  on  secondary  host 

exposed 

1 St  instar 

frontal  horns 

2, 

5,  7,  8,  12,  13,  14 

plants  (monocotyledons) 

Pemphiginae 

in  galls  or  exposed 

usually  1st  instar 

stylets 

1, 

3,  6,  7,  14 

References:  1,  Aoki  et  al,  (2001);  2,  Aoki  et  al,  (2007);  3,  Aoki  & Kurosu  (1986);  4,  Aoki  & Kurosu  (1989);  5,  Arakaki  (1988); 
6,  Ijichi  et  al,  (2005);  7,  Ito  (1989);  8,  Joshi  & Viraktamath  (2004);  9,  Kurosu  & Aoki  (2003);  10,  Kurosu  et  al,  (2008);  11, 
Kutsukake  et  al,  (2004);  12,  Shibao  (1998);  13,  Stern  (1998);  14,  Stern  & Foster  (1996), 
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8.3  PARASITOIDS 

Ladybirds  are  attacked  by  a wide  array  of  insect  para- 
sitoids.  Some  are  specific  for  limited  ranges  of  taxa 
within  the  Coccinellidae,  while  others  are  broad  poly- 
phages, which  can  parasitize  members  of  various 
insect  families  and  orders.  Furthermore,  there  are  also 
many  secondary  parasitoids  or  hyperparasitoids  asso- 
ciated with  the  primary  parasitoids.  Summarized  data 
on  primary  and  secondary  ladybird  parasitoids  and 
their  host  and  distribution  records  are  presented  in 
Tables  8.3  and  8.4,  but  these  lists  are  certainly  far  from 


comprehensive.  Many  taxa  are  probably  still  omitted, 
some  should  perhaps  be  removed  as  misidentifications, 
and  others  transferred  to  another  group  of  parasitoids 
of  ladybirds.  In  particular  it  is  often  not  easy  to  deter- 
mine whether  a particular  parasitoid  is  primary  or  sec- 
ondary, or  even  tertiary,  especially  as  in  most  cases  we 
only  know  its  taxonomic  position. 

Hereafter,  we  first  describe  the  characteristics  of 
parasitoids  reported  from  Coccinellidae,  as  based  on 
this  imperfect  set  of  data  in  Tables  8.3  and  8.4  and  the 
other  tables  referred  to  in  Table  8.3.  Then  we  review 
the  available  information  on  selected  parasitoid  taxa. 


Table  8.3  Primary  and  presumed  primary  parasitoids  of  Coccinellidae. 

Parasitoid  types:  i,  imaginai;  P,  pupai;  L-P,  iarvai-pupai  (oviposition  into  host  larva,  emergence  from  host  pupa);  L, 
larval;  E,  egg  parasitoid. 


Parasitoid  taxon  Reported  iadybird  host  taxa 


GENERA  SPECIFIC  FOR  COCCINELLIDAE 


Hymenoptera: 
Braconidae 
Dinocampus 
D.  coccinellae 
Hymenoptera: 
Chalcididae 
Uga 

several  species,  see 
Table  8.8 

Hymenoptera: 

Encyrtidae 

Cowperia 

several  species,  see 
Table  8.9 
Homalotylus 
many  species,  see 
Table  8.10 
Hymenoptera: 
Proctotrupidae 
Nothoserphus 
several  species,  see 
Table  8.12 
Hymenoptera: 
Pteromalidae 
Metastenus 
M.  concinnus 


see  Table  8.5 


Epilachninae 


see  Table  8.9 


see  Table  8.1 1 


see  Table  8.12 


Cryptognatha  signata, 
Cryptolaemus  montrouzieh, 
Scymnus  impexus,  Scymnus 
apetzi,  Scymnus  sp. 


Parasitoid 

type  Distribution  records  References* 


I cosmopolitan  see  Table  8.5 

L-P  Asia,  Africa,  Australia,  see  Table  8.8 

Indonesia 

P Europe,  Asia,  Indonesia  see  Table  8.9 

L,  L-P  cosmopolitan  see  Table 

8.10 

L Europe,  Asia,  Indonesia  see  Table 

8.12 

P Europe,  Asia,  Argentina  23 


{Continued} 
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Table  8.3  (Continued) 


Parasitoid 

Parasitoid  taxon  Reported  ladybird  host  taxa  type  Distribution  records  References* 


M.  townsendi  Azya  orbigera,  Cryptognatha 

nodiceps,  Cryptognatha 
simillima,  Hyperaspis  lateralis, 
Hyperaspis  sp.,  Microweisea 
sp.,  Nephus  guttulatus,  Pentilia 
insidiosa,  Pseudoazya  trinitatis, 
Scymnus  otohime,  Scymnus  sp. 

SPECIES  SPECIFIC  FOR  COCCINELLIDAE 

P 

Carribean,  Mexico, 
USA,  Japan 

23 

Diptera:  Phoridae 

Phalacrotophora 

several  species,  see 
Table  8.13 

Coccinellinae,  Chilocorinae 

P 

see  Table  8.13 

see  Table 
8.13 

Diptera:  Tachinidae 

Euthelyconychia 
epilachnae  (syn. 
Paradexodes 

Epilachna  varivestis,  Epilachna 
defecta,  Henosepilachna 
vigintisexpunctata 

L,  P 

Mexico 

11,  15,  28 

epilachnae) 

Pseudebenia 

Epilachna  quadricollis 

L 

South  Korea 

33 

epilachnae 

Hymenoptera: 

Braconidae 

Centistes  scymni 

Scymnus  (Pullus)  impexus 

1 

Switzerland,  Germany 

9 

Centistes  subsulcatus 

Propylea  quatuordecimpunctata 

1 

Belgium 

13 

Hymenoptera: 

Encyrtidae 

Anagyrus  australiensis 

Diomus  pumilio 

P 

Australia 

23 

Ooencyrtus  azul 

Chilocorus  nigripes 

P 

Kenya 

23 

Ooencyrtus  bedfordi 

Chilocorus  cacti,  Chilocorus 
discoideus,  Chilocorus  distigma 

P 

South  Africa,  Uganda 

23 

Ooencyrtus 

camerounensis 

Epilachna  eckloni,  Chnootriba 
similis 

E 

Cameroon,  Ethiopia, 
Senegal,  South  Africa 

4,  23 

Ooencyrtus  epilachnae 

Epilachna  dregei 

E 

South  Africa,  Uganda 

23 

Ooencyrtus  puparum 

Platynaspis  sp. 

P 

Senegal 

23 

Ooencyrtus  sinis 

Exochomus  flavipes,  Exochomus 
flaviventris 

P 

South  Africa 

23 

Prochiloneurus 

Orcus  australasiae 

L 

Queensland  (Australia) 

23 

nigriflagellum 

Hymenoptera: 

Eulophidae 

Aprostocetus 

neglectus 

Chilocorini,  Scymnini, 
?Coccinellini 

L-P 

Europe,  Asia,  Nearctic 

23 

Chrysocharis  johnsoni 

Henosepilachna 

vigintioctopunctata 

9 

India 

23 

Chrysonotomyia 

appannai 

Henosepilachna 

vigintioctopunctata 

E 

India 

23 

Oomyzus  mashhoodi 

undet.  Coccinellidae 

L 

India 

16 

Oomyzus  scaposus 

Coccinellini,  Chilocorini,  Scymnini 

L-P 

cosmopolitan 

23 

Pediobius  foveolatus 

Epilachninae 

L,  L-P,  P 

Africa,  Asia,  Australia, 
Pacific  islands, 
Nearctic  (introduced) 

23 

Pediobius  nishidai 

Epilachna  mexicana 

L 

Costa  Rica 

23 
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Parasitoid  taxon 

Reported  ladybird  host  taxa 

Parasitoid 

type 

Distribution  records 

References’ 

Quadrastichus 

ovulorum 

Epilachninae 

E 

Africa,  India,  Sri  Lanka, 
Melanesia 

23 

Sigmoepilachna  indica^ 

Epilachna  sp. 

E 

India 

23 

Tetrastichus 

decrescens 

Henosepilachna 

vigintioctomaculata 

? 

China 

23 

Tetrastichus 

epilachnae 

Hymenoptera: 

Eupelmidae 

Epilachninae,  Coccinellini, 
Chilocorini,  Scymnini 

L-P 

Europe,  Asia,  Morocco 

23 

Eupelmus  vermai 

Hymenoptera: 

Pteromalidae 

Epilachna  sp. 

L 

India 

23 

Inkaka  quadhdentata 

Cryptolaemus  montrouzieri 

? 

Australia,  New  Zealand 

23 

Merismoclea  rojasi 

Coccidophilus  citricola 

? 

Argentina,  Chile 

23 

Mesopolobus 

secundus 

undet.  Scymninae,  Hyperaspis 
senegalensis 

L 

Uganda,  Kenya 

8,  9 

Ophelosia  bifasciata 

undet.  Coccinellidae 

L 

Australia 

5 

Oricoruna  oriental  is 

Rodolia  fumida 

L 

India 

23 

Oricoruna  sp. 

Exochomus  sp.,  Rodolia 
occidentalis 

9 

Nigeria 

23 

TAXA  REPORTED  FROM  VARIOUS  HOSTS  INCLUDING  COCCINELLIDAE 
Diptera:  Phoridae 

Megaselia  spp. 

Chilocorus  distigma 

p 

East  Africa 

10 

Chilocorus  quadrimaculatus 

p 

Kenya 

10 

Diptera: 

Sarcophagidae 

Epilachna  varivestis 

L,  P 

USA 

10,  15 

Boettcheria  latisterna 
(syn.  Sarcophaga 
latisterna) 

Epilachna  varivestis 

1 

Ohio  (USA) 

11,  15,  28 

Helicobia  rapax  (syn. 
Sarcophaga  helicis) 

Epilachna  varivestis 

L 

Alabama  (USA) 

11,  15,  28 

Ravinia  errabunda  (syn. 
Sarcophaga 
reinhardii) 

Diptera:  Tachinidae 

Epilachna  varivestis 

L 

Mexico 

11,  15,  28 

Chetogena  claripennis 

Epilachna  borealis,  Epilachna 
varivestis 

L,  P 

North  America 

11,  15,  24, 
28 

Lydinolydella  metallica 

Epilachna  eusema,  Epilachna 
marginalia,  Epilachna  sp. 

L 

South  America 

3,  11,  28 

Lypha  slossonae 

Epilachna  varivestis 

? 

North  America 

11,  24,  28 

Medina  spp.  incl.  M. 
separata,  M.  collaris 
and  M.  melania* 

Epilachninae,  Coccinellinae, 
Chilocorinae 

1 

Palaearctic 

2,  6,  29 

Myiopharus 
doryphorae  (syn. 
Doryphorophaga 
doryphorae) 

Epilachna  varivestis 

1 

North  America 

15,  24 

Policheta  unicolor 

Subcoccinella 

vigintiquatuorpunctata 

? 

France 

14 

(Continued) 
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Table  8.3  (Continued) 


Parasitoid  taxon 

Reported  ladybird  host  taxa 

Parasitoid 

type 

Distribution  records 

References* 

Strongygaster 

triangulifera 

Ooccinella  trifasciata,  Coleomegilla 
maculata,  Harmonia  axyridis, 
Epilachna  varivestis 

1 

North  America 

21,  24 

Hymenoptera: 

Encyrtidae 

Anagyrus  sp. 

Telsimia  sp. 

L 

Australia 

23 

Cerchysiella  sp. 

Chilocorus  bipustulatus 

L 

Israel 

36 

Eupoecilopoda 

Scymnus  sp. 

P 

Iran 

19 

perpunctata 

Isodromus  niger 

Ohilocorus  similis 

? 

SE  Europe,  Asia,  USA 

23 

Hymenoptera: 

Euiophidae 

Baryscapus  thanasimi 

Ohilocorus  stigma 

L 

USA 

23 

Omphale  sp.® 

Henosepilachna 

vigintioctopunctata 

E 

India 

26 

Oomyzus  sempronius 

Ohilocorus  bipustulatus 

L 

Europe,  Egypt,  Turkey 

23 

Parachrysocharis  sp. 

HIppodamla  varlegata 

? 

India 

23 

Pnigalio  agraules 

Ohilocorus  bipustulatus 

? 

Palaearctic 

23 

Tetrastichus  cydoniae 

Ohellomenes  propinqua  vicina, 
Chnootriba  simllls 

P 

western  Africa 

23,  31 

Tetrastichus 

orissaensis 

Epilachna  sp,  Subcoccinella 
vigintiquatuorpunctata 

9 

India,  Hungary,  Italy, 
former  Yugoslavia 

23 

Hymenoptera: 

Eupeimidae 

Anastatus  spp. 

Ohilocorus  bipustulatus, 
Hyperaspis  sp. 

? 

Israel,  Nigeria 

23,  36 

Eupelmus  urozonus 

Ohilocorus  bipustulatus 

? 

? 

23 

Eupelmus  sp. 

Ohilocorus  bipustulatus 

? 

Israel 

36 

Hymenoptera: 

Pteromaiidae 

Austroterobia  sp. 

Rodolia  Iceryae 

? 

Kenya 

23 

Mesopolobus  sp. 

Chnootriba  similis 

p 

Ethiopia 

4 

Pseudocatolaccus  sp. 

Chilocorus  bipustulatus, 
Cryptolaemus  montrouzierl 

? 

Russia 

23 

Trichomalopsis 

Propylea  quatuordecimpunctata 

p 

Hungary 

27 

acuminata 

Hymenoptera: 

T richogrammatidae 

Trichogramma  sp. 

Epilachna  sp. 

E 

Indonesia 

23 

*See  Table  8.4  for  list  of  references 

^Sigmoepilachna  indica  is  the  only  described  species  of  the  recently  erected  genus  Sigmoepilachna  and  its  only  known 
host  is  Epilachna  sp.  In  our  opinion,  however,  placing  Sigmoepilachna  among  the  genera  specific  for  Coccinellidae 
would  be  premature,  taking  into  account  the  highly  insufficient  data  on  this  genus. 

*Most  older  records  on  the  parasitization  of  ladybirds  by  Medina  spp.  erroneously  refer  to  Medina  luctuosa. 

®This  record  of  Omphale  sp.  as  an  egg  parasitoid  of  Henosepilachna  vigintioctopunctata  may  refer  to  Chrysonotomyia 
appannai  (syn.  Omphale  epilachni)  considering  that  both  were  reported  from  the  same  region  (southern  India)  and  host 
species. 
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Table  8.4  Hyperparasitoids  and  presumed  hyperparasitoids  of  Coccinellidae. 


Parasitoid  taxon 

Primary  host 

Secondary  (coccinellid) 
host 

Distribution 

records 

References 

Hymenoptera: 

Ceraphronidae 

Aphanogmus  sp. 

? 

Chilocorus  bipustulatus 

Israel 

36 

Hymenoptera: 

Chalcididae 

Brachymeria 

Euthelyconychia 

Epilachna  mexicana, 

Texas  (USA), 

3,  23 

carinatifrons 

epilachnae, 

Lydinolydella 

metallica 

Epilachna  varivestis, 
Epilachna  sp. 

Mexico, 

Venezuela, 

Brazil 

Conura  porteri 

Dinocampus 

coccinellae, 

Perilitus 

stuardoi 

? 

Chile 

23 

Conura  paranensis 

Dinocampus 

coccinellae 

Cycloneda  sanguinea 

Argentina 

23 

Conura 

petioliventris 

Dinocampus 

coccinellae 

Hippodamia  convergens 

California 

(USA) 

23 

Conura  sp. 

? 

Adalia  deficiens 

South  America 

23 

Lydinolydella 

metallica 

Epilachna  eusema,  Epilachna 
sp. 

Argentina 

3,  23 

Hymenoptera: 

Encyrtidae 

Cheiloneurus 

Homalotylus  sp. 

? 

Africa 

23 

carinatus 

Cheiloneurus 

cyanonotus 

Homalotylus 

spp., 

Tetrastichinae 

Epilachninae,  Chilocorinae, 
Coccinellinae 

Africa 

23 

Cheiloneurus 

9 

Chnootriba  similis 

Kenya,  Senegal 

23 

liorhipnusi 

Cheiloneurus 

Homalotylus  sp. 

undet.  Coccinellidae 

South  Africa 

7 

orbitalis 

Coccidoctonus 

trinidadensis 

^Homalotylus 

sp. 

Cryptolaemus  sp. 

Central 

America 

11,  23 

Homalotyloidea 

Homalotylus 

Chilocorus  bipustulatus, 

Europe,  Canary 

23,  35 

dahibomii 

spp. 

?Rhyzobius  litura 

Islands, 

Israel 

Ooencyrtus 

Homalotylus  sp. 

Scymnus  morelleti 

South  Africa 

23 

distatus 

Ooencyrtus 

polyphagus 

? 

Chnootriba  similis, 
Henosepilachna  elaterii, 
Exochomus  flavipes, 
Platynaspis  sp. 

Cameroon, 

Mali, 

Senegal 

23 

Prochiloneurus 

Homalotylus 

Chilocorus  bipustulatus. 

Africa,  Asia, 

23 

aegyptiacus 

spp. 

Exochomus  flavipes, 
Hyperaspis  aestimabilis 

southern 

Europe 

Metastenus  sp. 

Exochomus  sp.,  Hyperaspis 

Israel 

36 

sp. 


(Continued) 


388  P.  Ceryngier,  H.  E.  Roy  and  R.  L.  Poland 


Table  8.4  (Continued) 


Secondary  (coccinellid)  Distribution 

Parasitoid  taxon  Primary  host  host  records  References 


Hymenoptera: 

Eulophidae 


Aprostocetus 

esurus 

? 

Chilocorus  similis 

USA 

20 

Elasmus  sp. 

? 

Henosepllachna 

vigintloctopunctata 

india 

35 

Pediobius 

amaurocoelus 

? 

Chnootriba  similis 

Ghana 

17 

Pediobius  sp. 

Tetrastichinae 

Henosepllachna 

vigintloctopunctata 

india 

35 

? 

Exochomus  sp. 

Ghana,  Nigeria, 
Zambia 

23 

Tetrastichinae 

Hymenoptera: 

Eupelmidae 

Pediobius 

foveoiatus 

Henosepllachna 

vigintloctopunctata 

india 

35 

Eupelmus  sp. 

Hymenoptera: 

Eurytomidae 

? 

Henosepllachna 

vigintloctopunctata 

india 

35 

Aximopsis  sp. 

Hymenoptera: 

Ichneumonidae 

Pediobius 

foveoiatus 

Henosepllachna 

vigintloctopunctata 

india 

23,  35 

Geiis  agilis  (syn. 
Gelis  instabilis) 

Dinocampus 

coccineliae 

Coccinella  septempunctata 

Poiand 

6 

Geiis 

melanocephalus 

? 

Coccinella  septempunctata 

Engiand 

12,  32 

Geiis  sp. 

Dinocampus 

coccineliae 

Coleomegilla  maculate 

Ontario 

(Canada) 

6 

Syrphoctonus 

tarsatorius 

? 

Coccinella  septempunctata 

? 

12,  32 

Phygadeuon 

subfuscus 

Hymenoptera: 

Megaspilidae 

Euthelyconychia 

epiiachnae 

Epilachna  varivestis 

North  America 

11 

Dendrocerus  spp. 

Homalotylus 

Chilocorus  bipustulatus, 

Japan,  Israei, 

1,  6,  11,  34, 

(syn.  Lygocerus, 
Atritomellus), 
incl.  D.  ergensis 

Hymenoptera: 

Pteromalidae 

spp. 

Coccinella  septempunctata, 
Pharoscymnus  numidicus, 
Pharoscymnus  ovoideus, 
Scymnus  sp. 

France,  itaiy, 
Spain,  North 
Africa 

36 

Catolaccus  spp. 

? 

Henosepllachna 

vigintloctopunctata 

China 

23 

Oomyzus 

scaposus 

Coccinella  septempunctata 

Poiand 

25 

Dibrachys 

Dinocampus 

Coleomegilla  maculate, 

iiiinois  (USA), 

23,  37 

microgastri 

coccineliae 

Coccinella  septempunctata 

England 

Ophelosia 

crawfordi 

Homalotylus  sp. 

? 

? 

11 
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Table  8.4  (Continued) 


Parasitoid  taxon 

Primary  host 

Secondary  (coccinellid) 
host 

Distribution 

records 

References 

Pachyneuron 
albutius  (syn.  P. 
syrphi) 

? 

Chilocorus  bipustuiatus, 
Chilocorus  renipustulatus, 
Exochomus 
quadripustulatus, 

Coccinella  septempunctata 

Former  USSR 

22,  23 

Pachyneuron 

altiscuta 

? 

Harmonia  axyridis 

North  Carolina 
(USA) 

30 

Pachyneuron 

Homalotylus  sp. 

Chilocorus  bipustuiatus 

Italy,  Israel 

23,  36 

chilocori 

Pachyneuron 
muscarum  (syn. 

Homalotylus  sp. 

Chilocorus  bipustuiatus, 
Coccinella  septempunctata 

Europe,  Israel 

18,  23,  36 

P.  concolor,  P. 
siculum) 

Pachyneuron 

solitarium 

Homalotylus  sp. 

Anatis  ocellata,  Coccinella 
septempunctata,  Myzia 
oblongoguttata 

Hungary, 
Poland,  West 
Siberia 

6 

Pachyneuron  spp. 

Homalotylus 

spp., 

Tetrastichinae 

Calvia  quatuordecimguttata, 
Cheilomenes  lunata, 
Chilocorus  inornatus, 
Exochomus  flavipes, 
Harmonia  axyridis, 
Hippodamia 
tredecimpunctata, 
Hippodamia  variegata, 
Hyperaspis  senegalensis, 
Menochilus  sexmaculatus, 
Nephus  kiesenwetteri, 
Nephus  ornatus,  Nephus 
soudanensis,  Scymnus 
quadrillum,  Subcoccinella 
vigintiquatuorpunctata 

Asia,  Africa, 
Europe, 
North 
America 

6,  23 

Trichomalopsis 

dubia 

Dinocampus 

coccinellae 

Coleomegilla  maculata 

North  America 

23 

Pediobius 

foveolatus 

Epilachna  varivestis 

North  America 

23 

Trichomalopsis 

Dinocampus 

Coccinella  undecimpunctata. 

Egypt,  Ontario 

6 

(syn. 

coccinellae 

Coleomegilla  maculata 

(Canada) 

Eupteromaius) 

sp. 

Oomyzus 

scaposus 

Coccinella  septempunctata 

Poland 

25 

Hymenoptera: 

Signiphoridae 

Chartocerus 

? 

Nephus  sp. 

? 

23 

subaeneus 

References  to  Tables  8.3  and  8.4:  1,  Alekseev  & Radchenko  (2001);  2,  Belshaw  (1993);  3,  Berry  & Parker  (1949); 
4,  Beyene  et  al.  (2007);  5,  Boucek  (1988);  6,  Ceryngler  & Hodek  (1996);  7,  Compere  (1938);  8,  Crawford  (1912);  9,  Deluc- 
chi  (1954);  10,  Disney  et  al.  (1994);  11 , DomenIchinI  (1957);  12,  Elliott  & Morley  (1907);  13,  Hemptinne  (1988);  14,  Hodek 
(1 973);  1 5,  Howard  & Landis  (1 936);  1 6,  Husain  & Khan  (1 986);  1 7,  Kerrich  (1 973);  1 8,  Klausnitzer  (1 967);  1 9,  Lotfalizadeh 
(2010);  20,  Marlatt  (1903);  21,  Nalepa  & Kidd  (2002);  22,  Nikol’skaya  (1934);  23,  Noyes  (2011);  24,  O’Hara  (2009);  25, 
Pankanin-Franczyk  & Ceryngler  (1999);  26,  Patnaik  & Mohapatra  (2004);  27,  Radwan  & Love!  (1982);  28,  Richerson 
(1970);  29,  Richter  (1971);  30,  Riddick  et  al.  (2009);  31,  Risbec  (1951);  32,  Schaefer  & Semyanov  (1992);  33,  Shima 
et  al.  (2010);  34,  Smirnoff  (1957);  35,  Usman  & Thontadarya  (1957);  36,  Yinon  (1969);  37,  R.  Comont  (unpublished). 
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■ Subfamily-specific  ■ Family-specific  B Non-specific  □ Hyperparasitoids 


Figure  8.4  Number  and  host  specificity  of  parasitoid  species  reported  from  members  of  different  subfamilies  of  Coccinellidae. 
Subfamily-specific  species  are  reported  only  from  hosts  belonging  to  a particular  ladybird  subfamily;  Family-specific  species  are 
reported  from  more  than  one  ladybird  subfamily  but  not  from  other  hosts;  Non-specific  species  are  reported  from  ladybird 
hosts  as  well  as  hosts  belonging  to  other  insect  families  or  orders;  Hyperparasitoids  are  species  developing  in  primary  ladybird 
parasitoids. 


In  allocating  the  ladybird  genera  to  subfamilies  and 
tribes  we  have  used  the  system  proposed  by  Nedved  and 
Kovar  (Chapter  1). 

8.3.1  General  characteristics  of  parasitoids 
of  iadybirds 

8.3. 1.1  Host  specificity  of  parasitoids 
recorded  from  Coccinellidae 

Of  almost  160  parasitoids  listed  here,  about  40  have 
been  classified  as  hyperparasitoids.  The  remaining 
117  taxa,  representing  three  dipteran  and  eight 
hymenopteran  families,  are  considered  as  primary 
parasitoids.  The  most  numerous  group  among  these 
consists  of  46  species  belonging  to  the  six  genera 
believed  to  be  entirely  specific  to  Coccinellidae.  This 
number  would  rise  by  a further  2 6 species  if  we  count 
all  described  species  in  these  six  genera,  including 
those  whose  hosts  have  not  yet  been  discovered. 

The  remaining  parasitoid  species  include  a group  of 
about  39  species  presumably  specific  for  Coccinellidae, 
as  well  as  about  32  species  of  parasitoids  not  specific 
for  ladybirds  but  recorded  from  them.  It  is  possible 
that  some  taxa  in  these  two  groups  are,  in  fact, 
hyperparasitoids . 


8.3. 1.2  Parasitoids  of  different  subfamilies  of 
Coccinellidae 

Ladybird  hosts  of  the  listed  parasitoids  belong  to  eight 
subfamilies  (Fig.  8.4).  The  majority  of  records  concern 
four  of  them,  Coccinellinae,  Epilachninae,  Chilocori- 
nae  and  Scymninae,  with  Epilachninae  being  associ- 
ated with  the  highest  number  (53)  of  parasitoid 
species.  Interestingly,  most  parasitoids  reported  from 
the  Coccinellinae,  Epilachninae  and  Chilocorinae  are 
polyphages  and  hyperparasitoids,  while  those  of 
Scymninae,  as  well  as  of  the  remaining  four  sub- 
families (Microweiseinae,  Sticholotidinae,  Ortaliinae 
and  Coccidulinae),  are  mainly  host  subfamily-  and 
family-specific  taxa. 

8. 3. 1.3  Parasitism  in  different  developmental 
stages  of  Coccinellidae 

All  developmental  stages  of  ladybirds  are  subject  to 
attack  from  parasitoids.  though  parasitization  of  eggs 
and  adult  beetles  is  relatively  rare  and  the  former  is 
restricted  to  phytophagous  ladybirds  of  the  subfamily 
Epilachninae.  It  has  been  supposed  that  predatory 
ladybirds  are  devoid  of  egg  parasitoids  due  to  the 
cannibalistic  habit  of  the  newly  hatched  larvae.  Suc- 
cessful parasitoid  development  in  the  eggs  prior  to 
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being  cannibalized  is  unlikely  because  egg  parasitoids 
usually  emerge  from  parasitized  eggs  after  the  non- 
parasitized  eggs  have  hatched  (Klausnitzer  1969). 
However,  newly  hatched  larvae  of  some  epilachnine 
ladybirds  are  also  known  to  cannibalize  unhatched 
eggs  in  the  batch  {Nakamura  1976,  Nakamura  & 
Ohgushi  1981). 

Parasitization  of  adult  ladybirds,  although  only 
a few  parasitoid  species  are  involved,  has  received  dis- 
proportionately more  attention  from  researchers  than 
parasitization  of  other  stages.  Such  over-representation 
is  largely  due  to  one  species,  the  euphorine  braconid. 
Dinocampus  coccinellae,  which,  since  the  first  systematic 
studies  by  Ogloblin  (1924)  and  Balduf  (1926),  has 
continuously  attracted  the  attention  of  successive  gen- 
erations of  entomologists. 

The  predominant  group  of  parasitoids  of  ladybirds 
is  formed  by  the  parasitoids  attacking  larvae 
and  pupae.  However,  only  very  few  species  in  this 
group,  such  as  the  flies  Phalacwtophora  fasciata  and 
P herolinensis,  or  the  wasps  Oomyzus  scaposus  and 
Pediobius  foveolatus,  have  been  studied  in  any  detail. 
The  biology  and  ecology  of  the  latter  species  has  been 
relatively  well  recognized  because  of  its  economic 
importance  as  a biological  control  agent  of  phytopha- 
gous ladybirds. 

8.3.2  Review  of  the  more  important  taxa 

Most  of  the  research  on  ladybird  parasitoids  concerns 
a few  species  found  in  the  Palaearctic  region  (especially 
in  its  European  part)  and,  to  a lesser  degree,  in  the 
Nearctic  region.  Apart  from  host  and  distribution 
records,  we  know  nearly  nothing  about  the  majority  of 
species  parasitizing  Coccinellidae  in  the  remaining 
parts  of  the  world. 

The  intention  of  this  review  is  not  only  to  discuss  the 
relatively  well-known  European  and  North  American 
species,  but  also  to  draw  the  attention  of  the  reader  to 
certain  less  known  but,  in  our  opinion,  not  less  impor- 
tant parasitoids.  We  applied  two  criteria  in  selecting 
parasitoid  taxa  for  more  detailed  presentation:  (i)  the 
degree  of  their  specificity  for  ladybirds  and  (ii)  their 
importance  as  a mortality  factor  of  Coccinellidae  from 
a more  global  perspective.  Thus,  we  review  the  litera- 
ture for  ladybird-specific  genera  {Dinocampus,  Uga, 
Cowperia,  Homalotylus,  Nothoserphus  and  Metastenus) 
and  those  species  groups  {Phalacwtophora  spp.)  or 
single  species  (0.  scaposus,  P.  foveolatus)  which  play  a 


significant  role  in  limiting  ladybird  populations  in 
many  parts  of  the  world. 

8.3.2. 1 Dinocampus  Foerster  (Hymenoptera: 
Braconidae,  Euphorinae) 

The  only  known  species  certainly  belonging  to  the 
genus  Dinocampus  is  D.  coccinellae  (Schrank)  (syno- 
nyms: Dinocampus  terminatus  (Nees),  Perilitus  america- 
nus  Riley,  P.  coccinellae  (Schrank),  P.  terminatus  (Nees)). 
Dinocampus  nipponicus  recently  described  from  Japan 
(Belokobylskij  2000)  was,  soon  after  its  description, 
transferred  to  the  genus  Centistina  (Belokobylskij 
2001).  The  current  taxonomic  status  of  Perilitus  stuar- 
doi,  the  other  euphorine  wasp  which  might  belong  to 
Dinocampus,  is  not  known  to  us.  Perilitus  stuardoi  was 
reported  only  from  Chile  as  a parasitoid  of  Adalia 
deficiens,  A.  hipunctata,  Eriopis  connexa  and  Cryptolae- 
mus  montrouzieri  (Smith  1953)  and  more  recently  of 
Coleomegilla  quadrifasciata  (Gonzales  2006). 

Dinocampus  coccinellae  nowadays  has  a cosmopolitan 
distribution  covering  all  continents  except  Antarc- 
tica, and  many  islands  (Table  8.5).  Although  it  has 
most  frequently  been  reported  from  the  temperate  zone 
of  the  Holarctic,  there  are  also  records  from  the  Arctic 
(Itilleq  in  Greenland,  van  Achterberg  2006)  as  well  as 
from  the  tropics  (e.g.  Bangalore  in  India,  Ghorpade 
1977:  and  Planaltina  in  Brazil,  Santos  & Pinto  1981) 
and  the  temperate  regions  of  the  Southern  Hemisphere 
(e.g.  south-eastern  Australia,  Anderson  et  al.  1986: 
New  Zealand  and  Tasmania,  Alma  1980).  The  natural 
geographic  range  of  D.  coccinellae  is  difficult  to  recon- 
struct. According  to  Balduf  (1926),  the  wasp  might 
either  have  been  introduced  to  North  America  from 
Europe  or  may  be  native  to  both  North  America  and 
Eurasia.  It  is  thought  that  D.  coccinellae  arrived  in  some 
parts  of  its  present  distribution  together  with  ladybirds 
released  for  biological  control  purposes.  It  was  proba- 
bly transferred  to  the  Hawaiian  islands  with  the  intro- 
duced Olla  v-nigrum  (Timberlake  1918),  and  to  New 
Zealand  with  another  biocontrol  agent,  Coccinella 
undecimpunctata  (Gourlay  1930). 

Mode  of  reproduction 

Dinocampus  coccinellae  usually  reproduces  by  thelytok- 
ous  parthenogenesis  (Ceryngier  & Hodek  1996). 
However,  as  males  can  sporadically  be  produced 
(Muesebeck  1936,  Hudon  1959,  Wright  1978, 
Geoghegan  et  al.  1998a,  Shaw  et  al.  1999,  0.  Nedved, 
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Table  8.5  Host  records  of  Dinocampus  coccindlae  (from  Ceryngier  & Hodek  1996 
supplemented  and  updated). 


Host 

Region 

Reference 

COCCINELLINAE 

Adalia  bipunctata 

Europe 

4 

USA 

4 

Adalia  decempunctata 

Great  Britain 

4 

Anatis  ocellata 

Great  Britain 

4 

Anisosticta  sibirica 

Russian  Far  East 

4 

Calvia  muiri 

Japan 

4 

Calvia  quatuordecimguttata 

Europe 

4 

Russian  Far  East 

4 

Ceratomegilla  undecimnotata 

Europe 

4 

Cheilomenes  sulphurea 

South  Africa 

4 

Cheilomenes  propinqua 

South  Africa 

4 

Cleobora  mellyi 

Tasmania 

1 

Coccinella  californica 

USA 

4 

Coccinella  hieroglyphica 

Great  Britain 

4 

Coccinella  leonina 

Asia 

4 

Austraiia 

4 

Hawaii 

4 

Coccinella  magnifica 

Europe 

4 

India 

4 

Coccinella  novemnotata 

North  America 

4 

Coccinella  quinquepunctata 

Europe 

4 

West  Siberia 

4 

Coccinella  septempunctata 

Europe 

4 

Asia 

4 

USA 

4 

Coccinella  septempunctata  algerica 

Tunisia 

2 

Coccinella  septempunctata  brucki 

Japan 

4 

Coccinella  trifasciata 

West  Siberia 

4 

North  America 

4 

Coccinella  undecimpunctata 

Europe 

4 

Egypt 

4 

New  Zealand 

4 

USA 

4 

Coccinula  quatuordecimpustulata 

Europe 

4 

West  Siberia 

4 

Coccinula  sinensis 

Russian  Far  East 

4 

Coelophora  (=Lemnia)  biplagiata 

Taiwan 

4 

Coelophora  inaequalis 

Australia 

4 

Hawaii 

4 

Coleomegilla  maculata 

North  America 

4 

Brazil 

14 

Cycloneda  munda 

USA 

4 

Cycloneda  sanguinea 

Brazil 

13,  14 

Eriopis  connexa 

Brazil 

14 

Halyzia  sedecimguttata 

Great  Britain 

4 

Harmonia  antipoda 

New  Zealand 

1 

Harmonia  axyridis 

Asia 

4 

Japan 

4 

North  America 

6,  8 

Europe 

3,  7 
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Table  8.5  (Continued) 


Host 

Region 

Reference 

Harmonia  conformis 

Australia 

4 

Harmonia  dimidiata 

Taiwan 

5 

Harmonia  octomaculata 

Asia 

4 

Harmonia  quadripunctata 

Europe 

4 

West  Siberia 

4 

Hippodamia  (Adonia)  arctica 

Russian  Far  East 

4 

Hippodamia  convergens 

USA 

4 

Hippodamia  parenthesis 

USA 

4 

Hippodamia  tredecimpunctata 

Europe 

4 

Asiatic  part  of  Russia 

4 

USA 

4 

Hippodamia  (Adonia)  variegata 

Europe 

4 

Asia 

4 

Chile 

12 

iiieis  cincta 

India 

4 

Lioadaiia  fiavomacuiata 

South  Africa 

4 

Macronaemia  hauseri 

China 

4 

Menochiius  sexmacuiatus 

India 

4 

Taiwan 

4 

Japan 

4 

Micraspis  discoior 

Taiwan 

4 

Vietnam 

9 

Myrrha  octodecimguttata 

Great  Britain 

15 

Myzia  obiongoguttata 

Great  Britain 

4 

Oenopia  congiobata 

Europe 

4 

Russian  Far  East 

4 

Oiia  v-nigrum 

USA 

4 

Hawaii 

4 

Brazil 

14 

Propyiea  japonica 

Japan 

4 

Russian  Far  East 

4 

Propyiea  quatuordecimpunctata 

Europe 

4 

Asiatic  part  of  Russia 

4 

Psyiiobora  vigintiduopunctata 

Great  Britain 

17 

Tytthaspis  sedecimpunctata 

Great  Britain 

11 

CHILOCORINAE 

Exochomus  troberti  concavus 

South  Africa 

4 

Exochomus  quadripustuiatus 

Great  Britain 

10 

Priscibrumus  (=Exochomus)  iituratus 

Himalaya 

4 

Priscibrumus  uropygiaiis 

Himalaya 

4 

COLEOPTERA:  CURCULIONIDAE 

Sitona  discoideus 

New  Zealand 

16 

References:  1,  Alma  (1980);  2,  Ben  Halima-Kamel  (2010);  3,  Berkvens  et  al. 
(2010);  4,  Ceryngier  & Hodek  (1996);  5,  Chou  (1981);  6,  Firlej  et  al.  (2005);  7, 
Koyama  & Majerus  (2008);  8,  LaMana  & Miller  (1996);  9,  Long  & Belokobylskij 
(2003);  10,  Mabbott  (2006);  11,  Majerus  (1997);  12,  Rebolledo  et  al.  (2009);  13, 
Santos  & Pinto  (1981);  14,  Silva  et  al.  (2009);  15,  Sloggett  & Majerus  (2000);  16, 
Wightman  (1986);  17,  R.  Comont  (unpublished). 
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unpublished),  at  least  some  of  its  strains  are  actually 
deuterotokous. 

SeveralD.  coccinellae  males  (one  reared  in  Ontario, 
Canada,  from  Col.  maculata  and  four  in  Scotland  from 
C.  septempunctata),  when  placed  with  females,  dis- 
played courtship  behaviour,  involving  wing  vibra- 
tion (Wright  1978;  Geoghegan  et  al.  1998a;  Shaw  et 
al.  1999)  and  walking  in  tight  circles  (Wright  1978). 
Moreover,  each  of  those  males  tried  to  mount  females 
but  the  mounting  attempts  of  all  but  one  male  were 
rejected.  The  exception  was  the  Canadian  male,  which 
mated  with  four  females  for  about  20  minutes  per 
female.  Of  74  ladybirds  offered  to  those  four  mated 
females,  only  24  were  parasitized  and  from  1 1 of  them 
adult  wasps  developed,  all  of  them  being  females 
(Wright  1978). 

Life  cycle 

From  host  location  to  oviposition 

Dinocampus  coccinellae  mostly  oviposits  into  adult  lady- 
bird beetles  but,  especially  when  adult  hosts  are  scarce, 
larvae  and  pupae  can  also  be  parasitized  (Smith  1960, 
Maeta  1969,  Filatova  1974). 

Like  some  other  euphorines,  e.g.  Perilitus  rutilus  or 
Microctonus  spp.  (Jackson  1928,  Barratt  & Johnstone 
2001),  D.  coccinellae  most  frequently  parasitizes  its 
hosts  when  they  are  mobile  (Bryden  & Bishop  1945, 
Walker  1961.  Richerson  & DeLoach  1972,  Orr  et  al. 
1992).  Pre-oviposition  and  oviposition  behaviour 
of  the  parasitoid  may  be  categorized  as  a sequence  of 
the  following  activities;  (i)  pursuit  and  investigation  of 
the  host  without  extending  the  ovipositor,  (ii)  oviposi- 
tional  stance  with  the  ovipositor  extended  ventrally 
and  forwards  between  the  legs,  and  (iii)  ovipositional 
attack,  i.e.  a thrust  into  the  host  with  the  ovipositor, 
which,  if  successful,  is  followed  by  egg  deposition  into 
the  host’s  body  (Richerson  & DeLoach  1972,  Geoghe- 
gan et  al.  1998b).  The  existing  evidence  indicates  that 
these  activities  are  stimulated  both  visually  (by  the 
movement,  colour,  and  size  of  potential  hosts)  and 
olfactorily  (by  host  derived  substances).  The  impor- 
tance of  visual  stimulation  was  shown  in  tests  using 
artificial  hosts  such  as  metal,  wooden,  plastic  or  paper 
models  (Walker  1961,  Richerson  & DeLoach  1972).  If 
such  models  were  moving  and  were  red  or  black,  they 
caused  wasp  responses  including  pursuits,  oviposi- 
tional stances  and  ovipositional  attacks.  Additionally, 
when  the  models  were  smeared  with  a ladybird’s 


defensive  secretion,  numbers  of  the  first  two  responses, 
but  not  of  ovipositional  attacks,  increased.  This  may 
indicate  that  odour  is  an  important  stimulus  for  host 
recognition  but  not  for  host  acceptance  (Richerson  & 
DeLoach  1972).  More  recently,  Al  Abassi  et  al.  (2001) 
found  that  D.  coccinellae  is  strongly  attracted  by  some 
ladybird-produced  substances  (the  alkaloids  precoc- 
cinelline  and  myrrhine)  but  is  not  attracted  by  others 
(hippodamine,  pyrazines). 

Movement  of  the  host  not  only  facilitates  its  location 
by  the  parasitoid,  but  also  makes  oviposition  easier. 
When  a ladybird  is  walking,  its  elytra  are  slightly  raised 
and  the  head  is  extended  forward,  which  gives  the 
female  parasitoid  better  access  to  the  soft  membranes 
between  the  posterior  abdominal  segments  or  between 
the  head  and  thorax,  the  host  areas  into  which  D.  coc- 
cinellae most  often  oviposits  (Balduf  1926,  Iperti  1964, 
Sluss  1968,  Richerson  & DeLoach  1972).  If  a potential 
host  is  immobile,  the  wasp  will,  before  ovipositing, 
stimulate  such  a host  to  walk  by  palpating  it  with  the 
antennae,  encircling  it  and  probing  with  the  ovipositor 
(Balduf  1926,  Walker  1961,  Richerson  & DeLoach 
1972).  Immobilization  of  a host  in  response  to  exami- 
nation by  D.  coccinellae  is  a frequently  displayed  defen- 
sive behaviour  against  parasitization.  Other 
behaviours  involved  in  ladybird  defence  are  rapid 
escape,  attacks  on  the  parasitoid  with  mandibles,  and 
attempts  to  kick  the  parasitoid  ovipositor  with  hind 
legs  (Firlej  et  al.  2010).  Dinocampus  coccinellae  oviposi- 
tion has  to  be  very  rapid  because  of  host  mobility  and 
defensive  reactions,  and  takes  only  a fraction  of  a 
second  (Balduf  1926). 

Development 

The  ripe  ovarian  egg  of  D.  coccinellae  is  elongate 
and  measures  about  250  pm  by  30pm.  After  deposi- 
tion in  a host,  it  starts  to  grow  and  assume  a more  oval 
shape.  Its  average  dimensions  prior  to  hatching  are 
1010  pm  by  570  pm  (Sluss  1968).  The  hatched  larva 
passes  through  three  instars  (Ogloblin  1924, 
Kadono-Okuda  et  al.  1995,  Okuda  & Kadono-Okuda 
1995).  As  in  many  other  parasitic  wasps  (Quicke 
1997),  the  first  instar  larva,  but  not  later  instars,  is 
equipped  with  grasping  mandibles.  It  is  believed  that 
these  serve  to  destroy  other  parasitoids  within  the  host 
(Ogloblin  1924).  Indeed,  although  D.  coccinellae  is 
a solitary  parasitoid,  more  than  one  egg  and/or 
first  instar  larva,  sometimes  as  many  as  a few  dozen, 
can  be  found  in  a single  host  (Ogloblin  1913,  Balduf 
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1926,  Maeta  1969).  but  only  one  larva  survives  to 
the  second  instar  (Balduf  1926,  Sluss  1968).  Also 
the  rate  of  superparasitism  (proportion  of  parasit- 
ized hosts  harbouring  more  than  one  parasitoid 
individual)  in  field  samples  may  be  quite  high.  Maeta 
(1969)  found  that  33-49%  of  parasitized  Coccinella 
septempunctata  hrucki  in  Kurume  (Fukuoka  Prefecture, 
Japan)  were  superparasitized  and  Ceryngier  (2000) 
recorded  a superparasitism  rate  in  C.  septempunctata  in 
Poland  ranging  between  22  and  64%.  The  frequent 
superparasitization  of  hosts  by  D.  coccinellae  may  indi- 
cate a weak  ability  of  this  species  to  discriminate 
between  unparasitized  and  already  parasitized  hosts. 
This  was  confirmed  in  laboratory  tests  by  Okuda  & 
Ceryngier  (2000). 

At  moderate  laboratory  temperatures  (20-2 6°C), 
the  egg  larva  development  of  non-diapausing 
D.  coccinellae  lasts  2-3  weeks  (Sluss  1968,  Obrycki 
& Tauber  1978,  Obrycki  et  al.  1985,  Obrycki  1989, 
Kadono-Okuda  et  al.  1995,  Firlej  et  al.  2007),  of 
which,  5-10  days  are  occupied  with  embryonic  devel- 
opment (Balduf  1926,  Sluss  1968,  Kadono-Okuda 
et  al.  1995).  Development  time  in  less  suitable  hosts, 
or  those  parasitized  as  juveniles,  is  longer  than  in  suit- 
able adult  hosts  (Obrycki  et  al.  1985,  Obrycki  1989, 
Firlej  2007). 

When  the  host  stage  parasitized  is  a larva  or  pupa, 
parasitoid  development  is  arrested  at  the  first  instar 
larva  until  the  eclosion  of  the  host  to  adult  (Kadono- 
Okuda  et  al.  1995).  In  dormant  adult  ladybirds,  D.  coc- 
cinellae usually  diapauses  as  a first  instar  larva,  and 
occasionally  as  an  egg  (Balduf  1926,  Wright  & Laing 
1982).  The  diapause  of  D.  coccinellae  and  that  of  its 
host  ladybird  are  interrelated  processes;  in  diapausing 
hosts,  the  parasitoid  will  not  develop  beyond  the  first 
larval  instar  (Kadono-Okuda  et  al.  1995)  but  causes  a 
decrease  in  the  duration  of  its  host’s  diapause  (Ceryn- 
gier et  al.  2004). 

In  the  early  phase  of  D.  coccinellae  development,  a 
stimulatory  effect  of  the  parasitoid  on  the  maturation 
of  the  female  host’s  gonads  may  be  observed.  Later, 
however,  vitellin  accumulated  in  the  host  oocytes  is 
reabsorbed  (Kadono-Okuda  et  al.  1995)  and  ovarian 
maturation  is  inhibited  (Balduf  1926,  Walker 
1961,Maetal969,  Wright  & Laing  1978).  The  gonads 
of  male  hosts  also  seem  to  be  affected  by  development 
of  D.  coccinellae.  since  an  inhibition  of  sperma- 
togenesis activity  was  found  in  the  testes  of  parasit- 
ized C.  septempunctata  males  (Ceryngier  et  al.  1992, 
2004). 


The  mature  D.  coccinellae  larva  emerges  from  the 
host  ladybird  through  the  membrane  between  the 
fifth  and  sixth  or  between  the  sixth  and  seventh 
abdominal  tergites,  and  then  spins  its  cocoon  between 
the  legs  of  the  host  and  pupates  (Balduf  1926,  Sluss 
1968,  Maeta  1969).  About  30  minutes  before  the 
emergence  of  the  larva,  the  ladybird  becomes  immo- 
bile and  usually  stays  in  this  condition  until  its  death, 
which  most  often  happens  within  a few  days.  The  legs 
of  the  immobilized  beetle  can  only  clasp  the  cocoon 
and  so  it  is  assumed  that  their  extensor  muscles  are 
paralyzed  (Balduf  1926,  Bryden  & Bishop  1945, 
Walker  1961). 

The  duration  of  the  pupal  stage  of  D.  coccinellae 
at  moderate  temperatures  (22-26°C)  is  about  7-10 
days  (Obrycki  1989,  Obrycki  et  al.  1985,  Firlej  et  al. 
2007).  After  completing  its  pupal  development,  the 
wasp  leaves  the  cocoon  by  biting  through  it  at  the 
cephalic  end  (Balduf  1926). 

Larval  nutrition 

During  most  of  its  development,  the  D.  coccinellae  larva 
does  not  feed  directly  on  the  host  tissues.  As  observed 
by  Sluss  (1968),  only  first  instar  larvae  may  directly 
consume  the  host’s  fat  body.  Later  on,  larval  nutrition 
is  mediated  by  teratocytes  - cells  derived  from  the 
serosa  of  the  parasitoid  egg.  When  the  egg  hatches,  its 
serosal  membrane  dissociates  into  individual  terato- 
cytes which  are  released  into  the  host  haemocoel. 
Although  in  some  hymenopteran  parasitoids  terato- 
cytes may  have  functions  other  than  parasitoid  nutri- 
tion (e.g.  host  immunosupression,  host  growth 
regulation)  (Dahlman  1990),  it  was  found  by  Ogloblin 
(1924)  that  in  D.  coccinellae  the  major  function  of  tera- 
tocytes is  to  provide  food  for  the  developing  parasitoid 
larva.  More  recently,  Okuda  & Kadono-Okuda  (1995) 
characterized  a specific  polypeptide  synthesized  by  the 
teratocytes  from  amino  acids  absorbed  from  the  host 
haemolymph.  They  detected  this  polypeptide  in  the 
guts  of  D.  coccinellae  larvae,  proving  that  it  was  ingested 
by  them.  In  the  course  of  parasitism,  teratocytes  grow 
due  to  synthesis  and  accumulation  of  this  specific 
polypeptide  (Okuda  & Kadono-Okuda  1995:  Kadono- 
Okuda  et  al.  1998),  and  their  number  decreases  as  a 
result  of  larval  feeding  (Sluss  1968,  Kadono-Okuda  et 
al.  1995).  The  average  initial  number  of  teratocytes  in 
a suitable  host,  such  as  adult  C.  septempunctata  hrucki, 
or  adult  Col.  maculata,  is  more  than  500  (Kadono- 
Okuda  et  al.  1995,  Firlej  et  al.  2007).  However,  that 
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number  may  be  lower  in  less  suitable  hosts,  e.g.  larval 
Har.  axyridis  (Firlej  et  al.  2007). 

The  number  of  teratocytes  gradually  decreases  with 
development  of  the  parasitoid,  until  their  complete  or 
almost  complete  depletion  when  the  larva  emerges 
(Sluss  1968,  Kadono-Okuda  et  al.  1995,  Firlej  et  al. 
2007).  Meanwhile,  the  linear  size  of  teratocytes  that 
are  not  ingested  increases  more  than  10-fold  during 
the  course  of  development  from  about  46-47  pm  in 
diameter  just  after  egg  hatch  to  about  500  pm  in  diam- 
eter at  emergence  of  the  larva  (Sluss  1968,  Kadono- 
Okuda  et  al.  199  5).  In  a less  suitable  host  (Hai:  axyridis 
parasitized  as  a larva)  the  final  size  of  teratocytes  may 
be  even  larger  (up  to  900  pm  in  diameter),  perhaps 
because  of  their  excessive  polyploidization  and  the  pro- 
longed development  time  of  the  parasitoid  (Firlej  et  al. 
2007). 

During  developmental  arrest  of  the  parasitoid  larva 
in  a juvenile  or  diapausing  host,  teratocyte  develop- 
ment is  also  arrested:  the  diameter  of  such  ’diapausing’ 
teratocytes  was  found  to  be  45-50 pm  in  diapausing 
Hippodamia  convergens  adults  (Sluss  1968)  and  100- 
150  pm  in  diapausing  C.  septempunctata  brucki  adults 
(Kadono-Okuda  et  al.  1995). 

As  a consequence  of  the  indirect  feeding  of  D. 
coccinellae  larva,  most  of  the  host  organs  remain 
intact  during  the  development  of  the  parasitoid  larva. 
The  only  organs  found  to  be  strongly  affected  are  the 
gonads,  the  development  of  which  is  inhibited,  and  the 
fat  body  that  degenerates  and  considerably  decreases 
in  size  (Sluss  1968).  Due  to  the  relatively  little  damage, 
the  ladybirds  usually  survive  the  emergence  of 
the  parasitoid  larva,  although  they  are  considerably 
weakened  and  paralyzed.  Most  of  them  die  within  the 
next  few  days,  but  some  may  recover  (Timberlake 
1916,  Bryden  & Bishop  1945,  Walker  1961,  Anderson 
et  al.  1986.  Triltsch  1996).  Triltsch  (1996)  found  that 
some  laboratory  parasitized  C.  septempunctata  females 
not  only  survived  parasitization  but  also  started  laying 
eggs  about  12  days  after  the  emergence  of  the  parasi- 
toid larva. 

Host  range  and  host  suitability 

D.  coccinellae  is  generally  considered  a parasitoid  of 
ladybirds  of  the  subfamily  Coccinellinae.  It  can  suc- 
cessfully parasitize  a wide  array  of  species  belonging  to 
this  subfamily,  but  some  evidence  indicates  that  repre- 
sentatives of  other  subfamilies  or  even  families  may 
also  serve  as  occasional  hosts  (Table  8.5).  Apart  from 


the  field  records  listed  in  Table  8.5,  there  are  also  cases 
of  successful  laboratory  parasitization  by  D.  coccinellae 
of  non-Coccinellinae  hosts.  Richerson  & DeLoach 
(1972)  bred  a wasp  from  Brachiacantha  ursina  (Scymni- 
nae)  and  0.  Nedved  (unpublished)  from  E.  quadripustu- 
latus  (Chilocorinae).  However,  laboratory  tests 
(Klausnitzer  1969,  Ghorpade  1979)  showed  that  lady- 
birds of  subfamilies  other  than  Coccinellinae  are  not 
accepted  by  D.  coccinellae.  This  suggests  that,  either 
more  than  one  parasitoid  species  is  involved,  or  differ- 
ent strains  of  D.  coccinellae  have  different  ranges  of 
accepted  and  suitable  hosts. 

Suitability  of  ladybird  species  for  development  of 
D.  coccinellae  has  usually  been  quantified  as  the  rate  of 
successful  parasitism  (proportion  of  hosts  attacked 
to  those  allowing  the  emergence  of  adult  parasitoids). 
Its  reported  values  vary  greatly,  even  within  the  same 
species  and  development  stage  of  host  (Table  8.6).  Such 
variability  may  be  a result  of  different  methods  used  by 
different  authors  to  determine  the  rates,  but  it  may  also 
reflect  real  differences  in  suitability,  related,  for  example, 
to  the  physiological  state  of  the  hosts,  their  colour 
morphs  (Berkvens  et  al.  2010),  or  the  origin  of  parasi- 
toid (Koyama  & Majerus  2008)  and  host  populations 
(Orr  et  al.  1992;  Koyama  & Majerus  2008). 

Juvenile  stages  (larvae  and  pupae)  of  ladybirds  are 
usually  less  suitable  for  D.  coccinellae  than  adults,  and 
younger  larval  instars  are  less  suitable  than  older  ones 
(David  & Wilde  1973,  Obrycki  et  al.  1985,  Geoghegan 
et  al.  1998b).  However,  Firlej  et  al.  (2007,  2010)  and 
Berkvens  et  al.  (2010)  found  fourth  instar  larvae  of 
Hai:  axyridis  to  be  more  suitable  than  the  adults. 

Host  preferences  and  parasitization  rates 

The  level  of  parasitization  of  ladybirds  by  D.  coccinellae 
may  fluctuate  considerably  depending  on  the  locality, 
season  and  host.  Sometimes,  parasitization  rates  may 
reach  70%  or  more  (Geoghegan  et  al.  1997,  Ceryngier 
2000),  but  usually  much  lower  values  are  reported  (for 
a review  see  Hodek  1973,  pp.  203-204). 

Ladybirds  are  often  more  heavily  affected  when 
aggregating  at  overwintering  sites  than  when  they  are 
active  (Iperti  1964,  Parker  et  al.  1977,  Anderson  et  al. 
1986).  Parasitization  rates  of  such  aggregating  lady- 
birds may  differ  remarkably  between  different  overwin- 
tering sites  in  the  same  region.  In  the  mountainous 
region  of  southwestern  Poland,  Ceryngier  (2000) 
found  parasitization  ranging  from  about  15  to  25%  in 
C.  septempunctata  overwintering  on  mountain  tops. 
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Table  8.6  Rates  of  successful  parasitism  in  Dinocarnpus  coccinellae  of  various  geographic  origins  in  relation  to  species, 
developmental  stage  and  geographic  origin  of  the  hosts. 


Host  species 

D.  coccinellae  / 
host*  origin 

Host  stage 
parasitized 

Rate  of 
successfui 
parasitism 

Reference 

Coccinella  novemnotata 

Missouri,  USA 

A 

0.96 

Richerson  & DeLoach  (1 972) 

Coleomegilla  maculata 

Missouri,  USA 

A 

0.96 

Richerson  & DeLoach  (1972) 

New  Jersey,  USA 

A 

0.80 

Cartwright  et  al.  (1982) 

Minnesota,  USA 

A 

0.75 

Hoogendoorn  & Heimpel  (2002) 

Iowa  and  Georgia,  USA 

A 

0.61 

Qrr  et  al.  (1992) 

Quebec,  Canada 

A 

0.49 

Firlej  et  al.  (2007) 

New  York,  USA 

A 

0.40 

Qbrycki  et  al.  (1985) 

Iowa,  USA 

A 

0.34 

Qbrycki  (1989) 

Quebec,  Canada 

A 

0.18 

Firlej  et  al.  (2005) 

New  York,  USA 

P 

0.28 

Qbrycki  et  al.  (1985) 

Quebec,  Canada 

L4 

0.58 

Firlej  et  al.  (2007) 

New  York,  USA 

L4 

0.26 

Qbrycki  et  al.  (1985) 

New  York,  USA 

L3 

0.19 

Qbrycki  et  al.  (1985) 

New  York,  USA 

L2 

0.08 

Qbrycki  et  al.  (1985) 

New  York,  USA 

L1 

0.00 

Qbrycki  et  al.  (1985) 

Hippodamia  convergens 

Missouri,  USA 

A 

0.92 

Richerson  & DeLoach  (1972) 

Iowa,  USA 

A 

0.30 

Qbrycki  (1989) 

Kansas,  USA 

L4 

0.34 

Davids  Wilde  (1973) 

Kansas,  USA 

L3 

0.13 

Davids  Wilde  (1973) 

Kansas,  USA 

L2 

0.23 

Davids  Wilde  (1973) 

Kansas,  USA 

L1 

0.10 

Davids  Wilde  (1973) 

Coccinella 

UK 

A 

0.78 

Sloggett  et  al.  (2004) 

septempunctata 

UK 

A 

0.64 

Koyama  S Majerus  (2008) 

New  Jersey,  USA 

A 

0.58 

Cartwright  et  al.  (1982) 

Honshu,  Japan  / UK 

A 

0.57 

Koyama  S Majerus  (2008) 

Iowa  and  Georgia,  USA 

A 

0.49 

Qrr  et  al.  (1992) 

Iowa,  USA 

A 

0.32 

Qbrycki  (1989) 

C.  septempunctata 

Honshu,  Japan 

A 

0.55 

Koyama  S Majerus  (2008) 

brucki 

UK  / Honshu,  Japan 

A 

0.49 

Koyama  S Majerus  (2008) 

Hippodamia  parenthesis 

Missouri,  USA 

A 

0.72 

Richerson  S DeLoach  (1972) 

Cycloneda  munda 

Iowa,  USA 

A 

0.57 

Qbrycki  (1989) 

Missouri,  USA 

A 

0.12 

Richerson  S DeLoach  (1972) 

Coccinella 

undecimpunctata 

New  Jersey,  USA 

A 

0.42 

Cartwright  et  al.  (1982) 

Olla  sp. 

New  Jersey,  USA 

A 

0.39 

Cartwright  et  al.  (1982) 

Harmonia  axyridis 

UK  / Honshu,  Japan 

A 

0.26 

Koyama  S Majerus  (2008) 

Honshu,  Japan 

A 

0.25 

Koyama  S Majerus  (2008) 

Honshu,  Japan  / UK 

A 

0.17 

Koyama  S Majerus  (2008) 

Belgium 

At 

0.17 

Berkvens  et  al.  (2010) 

Minnesota,  USA 

A 

0.10 

Hoogendoorn  S Heimpel  (2002) 

Belgium 

A* 

0.02 

Berkvens  et  al.  (2010) 

Belgium 

A§ 

0.00 

Berkvens  et  al.(2010) 

Quebec,  Canada 

A 

0.00 

Firlej  et  al.  (2005) 

Quebec,  Canada 

A 

0.00 

Firlej  et  al.  (2007) 

UK 

A 

0.00 

Koyama  S Majerus  (2008) 

Belgium 

L4§ 

0.15 

Berkvens  et  al.  (2010) 

Belgium 

L4* 

0.07 

Berkvens  et  al.  (2010) 

Quebec,  Canada 

L4 

0.12 

Firlej  et  al.  (2007) 

Belgium 

L3® 

0.10 

Berkvens  et  al.  (2010) 

(Continued) 
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Table  8.6  (Continued) 


Host  species 

D.  coccinellae  / 
host*  origin 

Host  stage 
parasitized 

Rate  of 
successfui 
parasitism 

Reference 

Hippodamia  variegata 

Iowa  and  Georgia,  USA 
/ Canada 

A 

0.17 

Orretal.  (1992) 

Iowa  and  Georgia,  USA 
/ France 

A 

0.09 

Orretal.  (1992) 

Iowa,  USA 

A 

0.00 

Obrycki  (1989) 

Adalia  bipunctata 

Missouri,  USA 

A 

0.12 

Richerson  & Deloach  (1972) 

New  Jersey,  USA 

A 

0.00 

Cartwright  et  al.  (1982) 

Brachiacantha  ursina 

Missouri,  USA 

A 

0.04 

Richerson  & Deloach  (1972) 

Propylea 

Iowa,  USA 

A 

0.02 

Obrycki  (1989) 

quatuordecimpunctata 

Iowa  and  Georgia,  USA 
/ Canada 

A 

0.01 

Orretal.  (1992) 

Iowa  and  Georgia,  USA 
/ Turkey 

A 

0.00 

Orretal.  (1992) 

Coccinella  magnifica 

UK 

A 

0.00 

Sloggett  et  al.  (2004) 

Host  stages:  A,  adult,  P,  pupa,  L1-L4,  larval  instars. 

‘Host  origin  is  given  oniy  if  different  from  D.  coccinellae  origin. 

^Meianic  hosts  from  iong-term  laboratory  population  (61-82  generations  in  the  iaboratory). 

*Meianic  hosts  from  recently  established  laboratory  population  (3-6  generations  in  the  laboratory). 
®Non-melanic  hosts  from  recently  established  laboratory  population  (3-6  generations  in  the  laboratory). 


while  it  was  approximately  three  times  higher  at  a 
hibernaculum  at  the  foot  of  the  mountain. 

Due  to  parasitoid  preferences,  differential  parasitiza- 
tion  rates  in  relation  to  the  species,  sex,  age  and  devel- 
opmental stage  of  the  hosts  have  been  recorded. 
Majerus  (1997),  while  comparing  parasitization  of 
adults  of  various  British  ladybirds,  found  mean  para- 
sitization rates  of  about  20%  for  C.  undecimpunctata, 
Har.  quadripunctata  and  C.  septempunctata,  the  mean 
rate  of  9.7%  for  Coccinella  qumqiiepunctata  and  rates 
below  5%  for  nine  other  species  (Table  8.7). 

It  was  noted  by  several  authors  (Maeta  1969,  Parker 
et  al.  1977,  Cartwright  et  al.  1982)  that  female  lady- 
birds are  parasitized  to  a higher  degree  than  males, 
and  Davis  et  al.  (2006)  confirmed  experimentally  the 
preference  of  British  D.  coccinellae  for  ovipositing 
into  female  rather  than  male  C.  septempunctata  hosts. 
Moreover,  British  D.  coccinellae,  having  a choice 
between  young  (newly  eclosed)  and  old  (overwintered) 
C.  septempunctata  adults,  oviposited  preferentially  into 
young  ones.  Such  behaviour  was  considered  adaptive 
because  young  hosts  are  considered  more  suitable 
than  old  hosts  due  to  their  longer  expected  lifespan 
(Majerus  et  al.  2000a).  Dinocampus  coccinellae  also 


shows  a clear  preference  for  adult  over  juvenile  hosts 
(Geoghegan  et  al.  1998b)  and  for  older  over  younger 
larval  hosts  (Obrycki  et  al.  1985).  British  strains  of 
the  parasitoid  appeared  reluctant  to  oviposit  in  C. 
septempunctata  larvae  and  especially  pupae  (Geoghe- 
gan 1998b),  while  in  North  American,  Japanese 
and  central  European  D.  coccinellae,  such  a tendency 
has  not  been  found  (Maeta  1969,  David  & Wilde 
1973,  Obrycki  et  al.  1985,  Berkvens  et  al.  2010,  P. 
Ceryngier,  unpublished).  The  reluctance  of  British  D. 
coccinellae  to  parasitize  pre-imaginal  hosts  is  possibly 
not  so  strong  when  immatures  of  the  invasive  Hai: 
axyridis  serve  as  hosts.  Ware  et  al.  (2010)  reported 
emergence  of  D.  coccinellae  from  nine  Har.  axyridis 
adults  collected  in  the  wild  as  pupae,  while  in  earlier 
samples  of  several  thousand  immatures  of  C.  septem- 
punctata no  D.  coccinellae  were  recovered  (Geoghegan 
etal.  1998b). 

It  can  be  assumed  that  host  preferences  of  a parasi- 
toid are  usually  adaptive,  i.e.  positively  related  with 
host  suitability.  An  interesting  case  of  an  almost  cer- 
tainly maladaptive  relationship  between  host  prefer- 
ence and  suitability  has  been  found  for  the  system 
comprising  Canadian  D.  coccinellae  and  invasive  Har 
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Table  8.7  Parasitization  of  British  ladybirds  by  Dinocarnpus  coccinellae  measured  as  the  rate  of  emergence  of  parasitoid 
larvae  from  the  host  beetles  (from  Majerus  1997). 


Ladybird  species 

Totai  of  sampies 

Number  parasitized 

Mean  parasitization  rate  (%) 

Coccinella  undecimpunctata 

262 

58 

22.1 

Harmonia  quadripunctata 

284 

55 

19.4 

Coccinella  septempunctata 

4222 

734 

17.4 

Coccinella  quinquepunctata 

113 

11 

9.7 

Calvia  quatuordecimguttata 

98 

4 

4.1 

Hippodamia  variegata 

113 

3 

2.7 

Myzia  oblongogutiata 

108 

2 

1.9 

Propylea  quatuordecimpunctata 

562 

10 

1.8 

Anatis  ocellata 

244 

4 

1.6 

Tytthaspis  sedecimpunctata 

10537 

148 

1.4 

Halyzia  sedecimguttata 

490 

4 

0.8 

Coccinella  magnifica 

279 

1 

0.4 

Coccinella  hieroglyphica 

234 

1 

0.4 

Adalia  bipunctata 

4077 

0 

0 

Adalia  decempunctata 

185 

0 

0 

Anisosticta  novemdecimpunctata 

1381 

0 

0 

Aphidecta  obliterata 

254 

0 

0 

Myrrha  octodecimguttata 

57 

0 

0 

Psyllobora  vigintiduopunctata 

143 

0 

0 

axyridis.  Although  Hai:  axyridis  adults  are  marginal 
hosts  of  a very  low  suitability  for  D.  coccinellae  (Burling 
et  al.  2010;  Table  8.6),  in  choice  tests  they  were  para- 
sitized no  less  frequently  than  highly  suitable  Col.  mac- 
ulata  adults.  Furthermore,  the  wasps  preferred  to 
oviposit  into  Har.  axyridis  adults  than  much  more  suit- 
able larvae  of  this  species  (Firlej  et  al.  2010). 

8. 3. 2. 2 Uga  Girault  (Hymenoptera: 
Chalcididae) 

Synonym:  Neotainania  Husain  & Agarwal. 

Information  on  these  wasps  is  scant.  They  form  a 
highly  specialized  group  of  ladybird  parasitoids  and 
are  distributed  from  Africa  through  southern  Asia  to 
Australia.  Of  seven  described  species,  six  have  been 
proven  to  be  parasitoids  of  larvae  and  pupae  of  phy- 
tophagous ladybirds  of  the  subfamily  Epilachninae 
(Table  8,8). 

Probably  the  most  widely  distributed  and  most 
common  of  Uga  species  is  U.  menoni  (Fig.  8.5).  Kerrich 
(1960)  reports  that,  in  some  seasons,  this  species  can 
almost  entirely  eliminate  Epilachna  spp.  in  Orissa 
(southern  India).  In  the  Kyonggido  area  of  Korea,  U. 
menoni  was  found  to  be  a solitary  larval-pupal 


parasitoid  parasitizing  older  larvae  (third  and  fourth 
instars)  and  pupae  of  Henosepilachna  vigintioctopunc- 
tata.  The  wasp  was  present  in  the  field  from  June  to 
September  and  the  highest  parasitization  rate  was 
recorded  in  July  (Lee  et  al.  1988). 

8. 3. 2. 3 Cowperia  Girault 
(Hymenoptera:  Encyrtidae) 

Synonym:  Aminellus  Masi 

Three  of  five  described  species  of  the  genus  Cowperia 
have  been  found  to  be  larval  and  pupal  parasitoids 
of  ladybirds  predaceous  on  mealybugs  (Pseudococci- 
dae)  (Noyes  & Hayat  1984)  and  whitefiies  (Aleyrodi- 
dae)  (Clausen  1934).  Host  associations  of  the 
remaining  two  species  are  not  yet  known  (Table  8.9). 
Cowperia  adults  have  characteristic,  stout  body  form 
(Fig.  8.6). 

More  detailed  studies  on  these  parasitoids  and  their 
effects  on  host  populations  are  lacking  or  unknown. 
Clausen  (1934)  mentions  that,  in  the  locality  of  Kaban 
Djahne  in  Sumatra,  larvae  and  pupae  of  Scymnus 
smithianus  were  heavily  parasitized  by  a species  of 
Aminellus  (=  Cowperia)  subsequently  described  by 
Kerrich  (1963)  as  A.  sumatraensis. 
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Table  8.8  Host  and  distribution  records  of  Uga  species 
(compiled  from  Noyes  2011  and  Swaine  & Ironside  1983 
where  indicated). 


Uga  species 

Host  records 

Distribution 

records 

colliscutellum 

Henosepilachna 

Queensland 

vigintioctopunctata, 

Henosepilachna 

guttatopustulata* 

(Australia) 

coriacea 

Epilachna  canina, 

South  Africa, 

Epilachna  sp. 

Uganda 

digitata 

— 

China 

hemicarinata 

Henosepilachna 

vigintioctomacuiata 

China 

javanica 

Henosepilachna 

Java 

vigintioctopunctata 

(Indonesia) 

menoni 

Epilachna  sp., 

India,  Korea, 

Henosepilachna 

oceiiata, 

Henosepilachna 

vigintioctomacuiata, 

Henosepilachna 

vigintioctopunctata 

Taiwan 

sinensis 

Epilachna  sp. 

China 

‘Host  reported  by  Swaine  & Ironside  (1983). 


8. 3. 2.4  Homalotylus  Mayr 
(Hymenoptera:  Encyrtidae) 

Synonyms:  Anisotylus  Timberlake,  Echthroplectis  Foer- 
ster,  Hemaenasioidea  Girault,  Lepidaphycus  Blanchard, 
Mendozaniella  Brethes,  Neoaenasioidea  Agarwal, 
Nohrimus  Thomson. 

This  cosmopolitan  genus  is  strictly  associated  with 
Coccinellidae  (Timberlake  1919,  Noyes  & Hayat  1984, 
Trjapitzin  & Triapitsyn  2003),  Of  63  known  species 
(Noyes  2011),  30  have  been  shown  to  develop  in  lady- 
birds although  it  is  predicted  that  the  remaining  17 
also  use  ladybirds  as  a host  (Table  8,10),  Although 
there  are  also  many  reports  of  Homalotylus  parasitizing 
aphids  and  coccids,  they  almost  certainly  resulted  from 
erroneous  host  assignment  due  to  mass  rearing  of  the 
hemipterans  together  with  their  ladybird  predators. 

The  majority  of  data  on  the  biology  and  ecology  of 
Homalotylus  have  been  reported  for  H.  flaminius. 
although  most  of  them  probably  refer  to  H.  eytelweinii. 
These  two  widely  distributed  species  were  historically 
regarded  as  one  species  (Timberlake  1919),  and,  for 
decades,  both  were  usually  reported  by  non-taxonomists 
as  H.  flaminius.  However,  most  specialists  now  agree 


Figure  8,5  Uga  menoni  in  side  view.  Note  strongly  raised 
scutellum  - a very  characteristic  feature  of  the  genus  Uga 
(from  Kerrich  1960,  Arthur  Smith  del,  with  permission). 


that  H eytelweinii  is  a distinct  species  (Hoffer  1963, 
Graham  1969,  Trjapitzin  & Triapitsyn  2003,  Noyes 
2011),  According  to  Klausnitzer  (1969)  H.  eytelweinii 
is  a parasitoid  of  ladybirds  in  the  tribes  Coccinellini, 
Psylloborini  (=  Halyziini)  and  Chilocorini,  and  H. 
flaminius  parasitizes  ladybirds  in  the  Scymnini. 

Life  cycle 

Homalotylus  species  are  endoparasitoids  of  lady- 
bird larvae  and  pupae.  The  species  that  develop  in 
small  hosts,  e,g,  of  the  tribe  Scymnini,  are  usually  soli- 
tary (Klausnitzer  1969,  Vakhidov  1975,  Lotfalizadeh 
& Ebrahimi  2001,  Fallahzadeh  et  al.  2006),  while 
those  associated  with  larger  ones  are  gregarious 
(Iperti  1964,  Klausnitzer  1969,  Kulman  1971). 
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Table  8.9  Host  and  distribution  records  of  Cowperia  species. 


Cowperia  species 

Ladybird  host  records 

Distribution  records 

References 

areolata 

Cryptoiaemus  montrouzieri, 
Scymnus  apetzi 

southern  Europe,  Tadzhikistan, 
Turkey,  Georgia,  Armenia 

Noyes  (2011) 

indica 

Cryptoiaemus  montrouzieri,  Jauravia 
sp.,  Nephus  sp.,  Scymnus  sp. 

india,  Sri  Lanka 

Noyes  (2011) 

punctata 

— 

Singapore,  China 

Noyes  (2011) 

subnigra 

— 

China 

Li  & Chai  (2008) 

sumatraensis 

Scymnus  smithianus 

Sumatra 

Ciausen  (1934) 

Cowperia  sp. 

Cryptogonus  kapuri 

india 

Poorani  (2008) 

Figure  8.6  Cowperia  indica  (photo  courtesy  of  J.  Poorani). 
(See  colour  plate.) 

Female  wasps  lay  eggs  into  larvae  of  young  instars 
(Kato  1968,  Filatova  1974,  Kuznetsov  1987),  often 
when  they  are  attached  to  the  substrate  at  ecdysis 
(Iperti  1964).  Larvae  of  the  gregarious  Homalotylus 
species  avoid  direct  contact  with  their  siblings  and  at 
the  end  of  development  they  occupy  separate 


chambers  with  thin  walls  made  of  remnants  of  dry 
host  tissue.  In  such  cases,  each  emerging  adult  makes 
its  own  opening  and  emerges  from  the  host  (Iperti 
1964,  Filatova  1974).  Some  Homalotylus  species  (e.g. 
H.  eytelweinii,  H.  shuvakhinae)  tend  to  complete  their 
development  in  mummified  older  larvae  of  ladybirds 
(Kato  1968,  Yinon  1969,  Semyanov  1986,  Trjapitzin 
&Triapitsyn  2003),  but  others  (e.g,  H.  platynaspidis,  H. 
nigricornis)  complete  their  development  in  the  pupae 
(Vakhidov  1975,  Myartseva  1981,  Volkl  1995). 

Homalotylus,  at  least  certain  species  of  the  flaminius 
group,  overwinter  inside  the  mummified  host  as  a 
prepupa,  a fully  grown  larva  (Iperti  1964,  Filatova 
1974),  or  as  a pupa  (Smirnoff  1957,  Kuznetsov  1987), 
The  reported  duration  of  development  in  non- 
overwintering wasps  ranges,  depending  on  the  region, 
season  and  host  species,  from  only  7-9  days  to  45  days 
(Telenga  1948,  Rubtsov  1954,  Smirnoff  1957,  Iperti 
1964,  Kato  1968),  The  adults  are  sexually  mature  at 
emergence  (Filatova  1974)  and  feed  on  aphid  and 
coccid  honeydew  (Rubtsov  1954,  Filatova  1974). 

Host  specificity 

Different  Homalotylus  species  show  varying  degrees  of 
host  specificity  (Table  8.11).  Many  species  are  known 
to  be  associated  with  hosts  belonging  to  only  one  tribe 
of  Coccinellidae,  but  some  (H.  eytelweinii.  H.  africanus, 
H.  terminalis,  H.  quaylei)  can  parasitize  ladybirds  of 
various  subfamilies  and  tribes.  Although  most  data  on 
Homalotylus  refers  to  a few  species  parasitizing  lady- 
birds of  the  subfamilies  Coccinellinae  and  Chilocorinae 
(H.  eytelweinii,  H.  terminalis),  the  majority  of  known 
host  associations  in  Homalotylus  concern  two  tribes  of 
the  subfamily  Scymninae:  the  Scymnini  and  Hyperas- 
pidini  (Table  8.11). 


Table  8.10  Described  species  of  Homalotylus  with  their  distribution  records  and  references  reporting  parasitization  of 
Coccinellidae  (compiled  from  Noyes  2011  and  other  sources  where  indicated).  Lack  of  reference  means  that  a given 
Hornalotylus  species  has  not  so  far  been  reported  to  parasitize  ladybirds. 


Hornalotylus  species 

Distribution 

Reference  reporting  parasitization 
of  Coccineiiidae 

affinis 

USA:  Caiifornia 

Noyes  (2011) 

africanus 

centrai  and  southern  Africa 

Noyes  (2011) 

agarwall 

india 

— 

albiclavatus 

india,  Iran 

Shafee  & Fatma  (1984),  Fallahzadeh  & Japoshvili  (2010) 

albifrons 

Japan 

Noyes  (2011) 

albitarsus 

USA:  Maryiand 

Timberlake  (1919) 

allgarhensis 

india 

— 

balchanensis 

Turkmenistan 

— 

brevicauda 

Mexico 

Timberlake  (1919) 

cockerelli 

Mexico,  USA:  Texas 

Noyes  (2011) 

ephippium 

Europe,  Iran,  Russia:  Yakutia 

Noyes  (2011) 

eytelwelnli 

Europe,  Asia,  Africa,  Centrai  and 
South  America 

Noyes  (2011) 

feirlerei 

india 

Shafee  & Fatma  (1 984) 

flamlnlus 

cosmopoiitan 

Noyes  (2011) 

formosus 

india 

— 

hemipterinus 

Europe,  Asia,  Africa,  Indonesia, 
Maiaysia,  Fiji,  Centrai  and 
South  America 

Noyes  (2011) 

himalayensis 

China 

— 

hybridus 

Siovakia 

— 

hyperaspicola 

Japan 

Noyes  (2011) 

hyperaspidls 

North  and  Centrai  America 

Noyes  (2011) 

Indicus 

india 

Noyes  (2011) 

latipes 

Paraguay 

— 

longicaudus 

China 

— 

longipedicellus 

india 

Shafee  & Fatma  (1 984) 

mexicanus 

Mexico 

Trjapitzin  et  al.  (1999) 

mirabllls 

South  America 

Noyes  (2011) 

mundus 

Phiiippines,  Taiwan 

— 

nigricornis 

Europe,  Asia,  Canary  Isiands 

Noyes  (2011) 

oculatus 

Phiiippines 

Noyes  (2011) 

pallentipes 

USA:  Arizona,  Missouri 

— 

platynaspidls 

Europe,  western  Asia 

Noyes  (2011) 

punctifrons 

USA:  Fiorida 

— 

quaylel 

Europe,  Africa,  Asia,  South 
America 

Noyes  (2011) 

rubricatus 

Russian  Far  East 

— 

scutellaris 

China 

— 

scymnivorus 

india,  Japan,  Mongoiia 

Noyes  (2011) 

shuvakhinae 

Mexico 

Noyes  (2011) 

simllls 

USA 

Noyes  (2011) 

sinensis 

China,  iran 

Noyes  (2011) 

singularis 

Czech  Repubiic 

— 

termlnalis 

North  America,  Antilies,  Uruguay 

Noyes  (2011) 

trisubalbus 

China 

— 

turkmenicus 

Turkmenistan,  India,  Iran 

Noyes  (2011) 

vicinus 

Africa,  Madagascar,  Iran 

Noyes  (2011),  Fallahzadeh  & Japoshvili  (2010) 

yunnanensis 

China 

— 

zhaol 

China 

— 

After  submitting  of  this  Chapter,  17  new  species  of  Hornalotylus  were  described  from  Costa  Rica,  of  which  one, 
H.  hypnos  Noyes,  has  a known  coccineiiid  host  {Hyperaspis  sp.)  (Noyes  2011).  These  17  species  are  not  iisted  here. 
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Parasitization  rates 

In  regions  with  temperate  and  cold  climates,  the  Old 
World  Homalotylus  of  the  flaminius  group  (presumably 
H.  eytelweinii)  usually  show  low  rates  of  parasitization. 
In  the  Russian  Far  East,  Western  Siberia,  Turkmeni- 
stan and  Uzbekistan,  it  has  only  been  recorded  sporadi- 
cally from  several  aphidophagous  ladybirds  (Filatova 
1974,  Vakhidov  1975,  Semyanov  1986,  Kuznetsov 
1987).  In  northeastern  and  central  parts  of  Europe, 
Homalotylus  is  again  not  common,  although  it  may 
sometimes  parasitize  ladybirds  at  20-30%  (Klausnitzer 
1967,  Semyanov  1986,  Pankanin-Franczyk  & Ceryn- 
gier 1999).  In  the  Mediterranean  and  Black  Sea  basins, 
parasitization  often  reaches  moderate  or  high  levels. 
Stathas  et  al.  (2008)  recorded  up  to  50%  parasitization 
of  Chilocorus  hipustulatus  on  sour  orange  trees  in  south- 
ern Greece.  In  southeastern  France,  Iperti  (1964) 
noted  rates  of  parasitization  exceeding  80%  for  C.  sep- 
tempunctata  and  50%  for  Propylea  quatuordecimpimc- 
tata.  Both  Stathas  et  al.  (2008)  and  Iperti  (1964)  found 
that  parasitization  rates  tend  to  increase  as  the  host 
population  develops.  According  to  Smirnoff  (1957), 
95%  of  Chil.  bipustidatus  individuals  developing  on 
date  palms  on  the  Atlantic  coast  of  Morocco  were 
destroyed  by  the  parasitoid.  In  equatorial  Africa 
(Republic  of  the  Congo),  Fabres  (1981)  found  parasiti- 
zation rates  of  Exochomus  flaviventris  ranging  between 
7 and  10%  when  feeding  on  the  cassava  mealybug. 

In  Germany,  Volkl  (1995)  recorded  that  parasitiza- 
tion of  myrmecophilous  Platynaspis  luteonihra  by  H. 
platynaspidis  may  even  be  higher  than  50%.  However, 
the  parasitization  rate  largely  depended  on  the  absence 
of  ants  (Lasius  niger)  tending  aphids  exploited  by  P.  lute- 
orubra  larvae.  In  ant-tended  aphid  colonies,  especially 
in  simply  structured  habitats  such  as  plant  stems,  para- 
sitization rates  were  signiticantly  lower.  Although  ants 
were  not  found  to  be  aggressive  towards  H.  platynas- 
pidis, the  searching  efftciency  of  the  parasitoid  might 
be  highly  reduced  by  continual  encounters  with  ants. 

8. 3. 2. 5 Nothoserphus  Brues  (Hymenoptera: 
Proctotrupidae) 

Synonyms:  Tliomsonina  Hellen,  Watanabeia  Masner. 

The  genus  Nothoserphus  seems  to  be  geographically 
confined  to  Palaearctic  and  Oriental  regions 
(Johnson  1992).  Of  11  species  described  so  far,  five 
have  been  found  to  be  solitary  parasitoids  of  lady- 
bird larvae,  while  the  host  records  for  the  remaining 


six  species  are  lacking  (Table  8.12).  The  genus  is 
divided  into  three  species-gronps  - the  boops-, 
afissae-  and  mirabilis-groups  - and  this  corresponds 
with  the  earlier  taxonomic  allocation  of  the  Nothoser- 
phus species  to  three  distinct  genera:  Tliomsonina, 
Watanabeia  and  Nothoserphus  (Townes  & Townes  1981, 
Lin  1987),  According  to  the  known  host  records  (Table 
8,12),  species  of  the  boops-group  are  parasitoids  of  the 
Scymninae,  those  of  the  q/issac-group  parasitize  Epil- 
achninae  and  those  of  the  mirabilis-group  parasitize 
Coccinellinae, 

Nothoserphus  females  lay  eggs  in  host  larvae.  Not- 
hoserphus afissae  prefers  to  oviposit  in  the  second  and 
third  larval  instars  of  Henosepilaehna  vigintioctomacu- 
lata,  which  are  also  much  more  suitable  for  the  devel- 
opment of  the  parasitoid  than  either  the  younger  or 
older  larvae  (Kovalenko  2002).  If  the  host  larvae  are 
parasitized  at  the  first  instar,  they  suffer  100%  mortal- 
ity before  the  parasitoid  larvae  has  completed  develop- 
ment. Oviposition  into  fourth  instar  larvae  leads  to 
60%  mortality  of  hosts,  and,  subsequently  no  success- 
ful development  of  N.  afissae.  According  to  Semyanov 
(1998),  females  of  N.  mirabilis  preferentially  parasitize 
third  and  fourth  instar  larvae  of  Menochilus  sexmacu- 
latus  and  do  not  react  to  the  presence  of  pupae  and  first 
instar  larvae. 

As  a consequence  of  parasitoid  feeding,  the  host  dies 
at  the  prepupal  stage.  The  fully  grown  parasitoid  larva 
emerges  from  the  dead  host  through  the  membrane 
between  the  two  last  abdominal  sternites  and  pupates 
in  characteristic  posture  (Fig.  8.7)  on  the  ventral  side 
of  the  host's  body  (Semyanov  1998,  Kovalenko  2002). 

Kovalenko  (2002)  and  Kovalenko  & Kuznetsov 
(2005)  found  that  N.  afissae  may  be  an  effective 
control  agent  of  the  herbivorous  H.  vigintioc- 
tomaculata  on  potato  fields  in  the  Russian  Far  East. 
During  larval  development  of  the  beetle  population, 
which  takes  place  between  late  June  and  late  August, 
three  generations  of  the  parasitoid  are  produced,  Par- 
asitization rates  gradually  increase  and  may  even 
reach  100%  in  August.  In  Japan,  however,  only  1,5% 
of  the  same  ladybird  species  (H.  vigintioctomaculata) 
feeding  on  the  same  host  plant  (potatoes)  was  parasit- 
ized (Nakamura  1987),  Similarly,  low  parasitization 
rates  were  recorded  in  relation  to  two  Japanese  species 
feeding  on  thistles  (Cirsium)  — Henosepilaehna  niponica 
(Ohgushi  1986)  and  H.  pustulosa  (Nakamura  & 
Ohgushi  1981). 

In  a single  sample  taken  from  maize  field  in  south- 
eastern China,  19%  of  larvae  of  the  predatory 
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Table  8.12  Host  and  distribution  records  of  Nothoserphus  species. 


Nothoserphus  species 

Host  records 

Distribution  records 

References 

boops-group  [Thomsonina) 

boops 

Scymnus  nigrinus 

Scandinavia,  Czech 

7, 

8,  13 

fuscipes 



Republic 

Taiwan 

4 

partitus 

— 

Taiwan 

4 

scymni 

Scymnus  dorcatomoides,  Scymnus 

Japan 

7 

townesi 

sp. 

Taiwan 

4 

affssae-group  [Watanabeia) 

aequalis 



Nepal,  Taiwan 

4 

afissae 

Epilachna  admirabilis,  Epilachna 

Japan,  Korea,  Russian 

1, 

2,  3,  5,  6, 

debilis 

varivestis*,  Henosepilachna 
niponica,  Henosepilachna  pustulosa, 
Henosepilachna  vigintioctomaculata 

Far  East 
Nepal,  Taiwan 

4 

7 

epilachnae 

Epilachna  admirabilis,  Henosepilachna 

Java,  China 

7 

mirabilis-group 

{Nothoserphus) 

admirabilis 

vigintioctopunctata 

Taiwan 

4 

mirabilis 

Coccinella  leonina  transversalis,  llleis 

south-eastern  China, 

4, 

9,  10,  11, 

bielawskii,  llleis  cincta,  llleis  sp., 
Menochilus  sexmaculatus,  Synona 
obscura,  undetermined  coccinellid 

India,  Java,  Nepal, 
Taiwan 

12 

'Record  from  the  area  in  Japan  invaded  by  E.  varivestis  (outside  its  native  range). 

References:  1,  Fujiyama  et  ai.  (1998);  2,  Kovalenko  (2002);  3,  Lee  et  al.  (1988);  4,  Lin  (1987);  5,  Nakamura  & Ohgushi 
(1981);  6,  Ohgushi  (1986);  7,  Pschorn-Walcher  (1958);  8,  Pschorn-Walcher  (1971);  9,  Poorani  (2008);  10,  J.  Poorani, 
unpublished;  11,  Poorani  et  al.  (2008);  12,  Semyanov  (1998);  13,  Zeman  & Vanek  (1999). 


Figure  8.7  A pupa  of  Notiioserphus  mirahilis  attached  to 
the  ventral  side  of  its  killed  host,  a larva  of  Menochilus 
sexmaculatus  (photo  courtesy  of  J.  Poorani).  (See  colour  plate.) 


M.  sexmaculatus  were  parasitized  by  N.  mirahilis  (Semy- 
anov 1998). 


8. 3. 2. 6 Metastenus  Walker 
(Hymenoptera:  Pteromalidae) 

Synonyms:  Scymnophagus  Ashmead,  Tripolycystus 
Dodd. 

Five  species  of  the  genus  Metastenus  have  been 
described  so  far,  and  two  of  them,  M.  concinnus  and  M. 
townsendi.  appear  to  be  pupal  parasitoids  of  lady- 
birds belonging  to  the  subfamilies  Scymninae  (tribes 
Scymnini,  Hyperaspidini,  Pentiliini  and  Cryptog- 
nathini),  Coccidulinae  (Azyini)  and  Microweiseinae 
(Microweiseini)  (Table  8.3).  Hosts  of  the  remaining 
species,  i.e.  the  Australian  M.  sulcatus,  the  Hungarian 
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M.  caliginosus  and  the  Indian  M.  indicus,  are  not  known 
(Noyes  2011). 

Metastenus  conciimus  is  generally  reported  from  the 
Palaearctic,  with  the  exception  of  a single  record  from 
Argentina,  while  the  distribution  of  M.  townsendi 
includes  the  Nearctic  and  Neotropical  regions  and 
Japan  (Noyes  2011).  An  undetermined  species  of 
Metastenus  has  also  been  reported  as  a parasitoid  of 
Exochomus  and  Hyperaspis  species  from  several  locali- 
ties in  tropical  Africa  (Neuenschwander  et  al.  1987). 
These  records  possibly  relate  to  Mesopolobus  secundus 
- a species  reported  from  Uganda  and  Kenya  (Table 
8.3),  which  resembles  M.  townsendi  (Crawford  1912, 
Delucchi  1954), 

Life  cycle 

Most  information  on  the  biology  and  life  cycle  of  Metas- 
tenus can  be  found  in  Delucchi’s  (1954)  characteriza- 
tion (as  Scynmophagus  mesnili),  of  Metastenus  concinnus. 
Delucchi  (1954)  reports  parasitization  of  Scymnus 
(Pullus)  impexus  by  this  species  in  Switzerland  and 
Germany,  Female  parasitoids  were  found  ovipositing 
into  host  pupae  in  late  spring  (May  and  June).  The 
parasitoids  either  developed  directly,  emerging  as 
adults  between  late  June  and  mid-July,  or  entered  larval 
diapause  inside  the  dead  host  pupa,  emerging  the  next 
spring.  It  is  not  known  which  hosts  the  second  genera- 
tion wasps  (the  progeny  of  non-diapausing  individu- 
als) developed  in. 

The  pupae  of  S.  impexus  parasitized  by  M.  concinnus 
are  easily  distinguishable  because  they  change  colour 
from  reddish-brown  to  light  brown.  A single  parasit- 
ized pupa  usually  contains  two  parasitoid  individuals, 
which  lie  face-to-face  in  their  pupal  stage  (Delucchi 
1954), 

The  recorded  impact  of  M.  concinnus  on  S.  impexus 
is  not  very  high.  Delucchi  (1954)  mentions  parasiti- 
zation rates  in  three  large  samples  (each  of  at  least 
1000  pupae)  that  range  between  0.8  and  12.6%. 

M.  concinnus  probably  reproduces  by  thelytokous 
parthenogenesis,  since  males  of  this  species  are 
unknown  (Delucchi  1954).  In  M.  townsendi,  however, 
both  sexes  are  known  (Peck  1963,  Tachikawa  1972), 

8. 3. 2. 7 Phalacrotophora  Enderlein 
(Diptera:  Phoridae) 

The  worldwide-distributed  genus  Phalacrotophora  com- 
prises more  than  50  described  species  (Brown  2007). 


Some  of  them  are  known  as  gregarious  endoparasi- 
toids  of  ladybird  pupae  (Table  8.13). 

Host  ranges 

For  most  of  the  Phalacrotophora  species  parasitizing 
ladybirds,  records  of  host  species  are  very  scarce  (Table 
8,13)  and  thus  tell  us  little  about  the  real  host  spectra 
of  the  flies.  The  two  exceptions  are  the  European  P. 
fasciata  and  P berolinensis.  Both  have  been  reported 
relatively  frequently  from  a variety  of  ladybirds  in  the 
subfamilies  Coccinellinae  and  Chilocorinae  (see  Disney 
et  al.  1994  and  Ceryngier  & Hodek  1996).  In  contrast, 
another  European  species,  P.  beuki,  was  recognized  as 
a monophagous  parasitoid  of  Anatis  ocellata  (Durska 
et  al.  2003). 

Life  cycle 

A sexually  mature  Phalacrotophora  female  will  locate 
and  select  a ladybird  prepupa,  and  then  start  to  attract 
males.  As  the  females  in  this  genus  possess  complex 
glands  on  the  abdomen  which  probably  serve  for  the 
production  of  pheromones,  Disney  et  al,  (1994) 
assume  that  the  males  are  attracted  pheromonally. 
Disney  et  al.  (1994)  observed  that  one  or  more  males 
may  arrive  to  mate  with  the  female,  most  often  on  or 
near  the  selected  ladybird  prepupa,  A pair  usually 
spends  several  minutes  in  copula  (Disney  et  al. 
1994). 

After  mating,  the  male  leaves  the  female.  The  female 
still  attends  the  prepupa  and  starts  to  parasitize  it, 
usually  at  the  beginning  of  its  pupation  (Disney  et  al. 
1994,  Ceryngier  & Hodek  1996),  although  in  rare 
cases  it  is  the  prepupa  that  is  parasitized  (Filatova 
1974,  Disney  & Chazeau  1990,  Disney  et  al.  1994).  It 
has  been  shown  that  females  of  P.  fasciata  and/or  P. 
berolinensis  can  assess  the  age  of  host  prepupae  and 
select  older  ones  (Hurst  et  al.  1998).  This  is  considered 
adaptive  because  the  female  loses  less  time  waiting  for 
a host  ecdysis  before  ovipositing  and  consequently 
increases  her  oviposition  rate. 

Females  of  P.  fasciata  and  P.  berolinensis  were  observed 
laying  eggs  either  on  the  surface  of  the  pupa  or  inter- 
nally. Usually,  the  ventral  thoracic  region  of  the  pupa, 
and  less  frequently  its  dorsal  surface,  was  chosen  as  the 
areas  for  oviposition  (Disney  et  al,  1994),  Females  of  P. 
quadrimaculata  were  seen  to  attach  their  eggs  to  the 
sides  of  the  host  pupa  or,  to  a lesser  extent,  to  its  ventral 
surface  (Disney  & Chazeau  1990). 
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Table  8.13  Phalacrotophom  species  reported  as  ladybird  parasitoids. 


Phalacrotophora 

species 

Distribution 

Reported  hosts 

References 

berolinensis 

Europe 

many  Coccinellinae  and 

Disney  et  al.  (1994),  Ceryngier  & 

Chilocorinae 

Hodek  (1996) 

beuki 

Europe 

Anatis  ocellata 

Durska  et  al.  (2003) 

decimaculata 

China 

unidentified  ladybird 

Liu  (2001) 

delageae 

Europe 

Adalia  bipunctata 

Disney  & Beuk  (1997),  Triltsch 

Adalia  decempunctata 

(1999),  Durska  et  al.  (2003), 

Calvia  quatuordecimguttata 

P.  Ceryngier,  E.  Durska  & 

Coccinella  septempunctata 

R.  H.  L.  Disney  (unpublished). 

Harmonia  axyridis 

S.  Harding,  R.  H.  L.  Disney  & 

Sospita  vigintiguttata 

R.  L.  Poland  (unpublished) 

fasciata 

Europe,  Siberia,  Russian 

many  Coccinellinae  and 

Disney  et  al.  (1994),  Ceryngier  & 

Far  East,  China,  Japan 

Chilocorinae 

Hodek  (1996),  Miura  (2010), 
Lengyel  (2011) 

Indiana 

India 

Harmonia  eucharis 

Colyer  (1961) 

nedae 

South  America 

Neda  marginalis 

Disney  et  al.  (1994),  Aguiar- 

Neocalvia  anastomozans 
Cycloneda  sanguinea 

Menezes  et  al.  (2008) 

philaxyridis 

Japan  (and  probably  part 

Harmonia  axyridis 

Disney  (1997) 

of  continental  Asia) 

quadrimaculata 

Taiwan,  Sulawesi,  New 

Olla  v-nigrum 

Disney  & Chazeau  (1990),  Liu 

Caledonia,  China 

(2001) 

Phalacrotophora  sp. 

Australia 

Harmonia  conformis 

New  (1975),  Anderson  et  al. 

Cieobora  mellyi 

(1986) 

Phalacrotophora  sp. 

India 

Harmonia  expalliata 

Disney  et  al.  (1994) 

The  eggs  hatch  within  24  h,  and  the  larvae  then 
enter  the  host  (Wylie  1958,  Disney  & Chazeau  1990). 
Larval  development  in  Phalacrotophom  proceeds 
rapidly.  According  to  Lichtenstein  (1920,  cited  by 
Disney  et  al.  1994)  and  Disney  and  Chazeau  (1990),  it 
may  be  as  short  as  2-3  days,  but  longer  times  are  more 
often  reported.  Wylie  (1958)  indicates  5 days,  Filatova 
(1974)  7-9  days  and  Kuznetsov  (1987)  8-12  days. 

Fully  grown  larvae  leave  the  host  through  an 
irregular  hole,  ventrally  between  the  head  and  thorax, 
drop  to  the  ground  and  pupate  on  its  surface  or  in  the 
upper  soil  layer  (Wylie  1958,  Disney  & Chazeau  1990). 
The  flies  either  emerge  as  adults  after  15-25  days  or 
overwinter  and  emerge  the  next  season  (Disney  et  al. 
1994,  Ceryngier  & Hodek  1996).  Phalacrotophom 
overwinter  as  fully  formed  adults  within  the 
puparia  (Disney  1994,  Durska  et  al.  2003). 

The  number  of  Phalacrotophora  individuals  develop- 
ing in  a single  host  is  related  to  host  size.  Generally, 
larger  host  species  bear  a higher  number  of  parasitoid 
larvae  than  smaller  ones.  In  pupae  of  An.  ocellata, 


7-10  larvae  were  usually  reported  (Filatova  1974),  the 
average  number  given  for  C.  septempunctata  is  similar 
(Semyanov  1986,  Disney  et  al.  1994),  but  only  around 
two  develop  from  A.  bipimctata  (Disney  1979,  Disney 
et  al.  1994). 

Many  authors  (Richards  1926,  Colyer  1952,  1954, 
Delucchi  1953,  Disney  et  al.  1994)  have  reported  that 
Phalacrotophora  feeds  on  the  haemolymph  of  lady- 
bird pupae  or,  less  frequently,  that  of  larvae.  The  fly 
cuts  into  either  the  ventral  (Colyer  1952)  or  dorsal 
(Disney  et  al.  1994)  surface  of  the  pupa  and  then 
imbibes  fluid  from  the  wound.  This  behaviour  may 
allow  the  fly  to  obtain  appropriate  protein-rich  food 
and/or  facilitate  penetration  of  the  pupa  by  the  hatch- 
ing larvae  (Disney  et  al.  1994).  The  small  wound  and 
loss  of  haemolymph,  as  a consequence  of  the  fly’s 
feeding,  do  not  prevent  the  development  of  unparasit- 
ized ladybird  pupae  or  the  development  of  flies  in  para- 
sitized pupae  (Disney  et  al.  1994).  Apart  from  host 
feeding,  adults  probably  feed  on  the  sap  of  injured 
trees.  Lengyel  (2009)  reports  high  numbers  of 
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Phalacrotophom  spp.  (mostly  P.  beuki)  gathering  at  the 
sap  exuding  from  wounds  on  elm  and,  less  frequently, 
poplar  and  maple  trees. 

Another  interesting  behaviour  of  adult  Phalacroto- 
phom is  the  swarming  of  the  flies  around  the  bases  of 
tree  trunks.  Early  observations  of  this  phenomenon 
(Colyer  1952,  1954)  mostly  refer  to  P.  berolinensis,  but 
recently  Irwin  (2006)  found  a swarm  of  another 
species,  P.  delageae  in  England.  It  turned  out  that  these 
swarms,  both  of  P.  berolinensis  and  P.  delageae,  exclu- 
sively, or  almost  exclusively,  consist  of  females.  Indi- 
vidual flies  may  temporarily  separate  from  the  swarm 
to  settle  on  the  tree  trunk  with  their  wings  outstretched 
and  the  abdomen  convulsively  expanding  and  con- 
tracting (Schmitz  1929,  cited  by  Colyer  1952),  or  they 
may  take  up  a posture  in  which  the  wings  are  vibrating 
and  the  membranous  patch  at  the  base  of  the  fifth 
tergite  is  displayed  (Irwin  2006).  The  function  of  the 
swarming  and  associated  ‘display  postures'  is 
unknown.  It  could  be  to  attract  males  (Irwin  2006), 
but  males  have  not  been  reported  to  respond  to  such 
female  behaviour. 

Parasitization  rates 

Parasitization  of  ladybird  pupae  by  Phalacrotophora 
may  differ  greatly  depending  on  the  year,  season,  host 
species  and  region,  sometimes  reaching  high  values. 
For  example,  Disney  et  al.  (1994)  and  Hurst  et  al. 
(1998)  recorded  combined  parasitization  rates  of  C. 
septempunctata  by  P fasciata  and  P.  berolinensis  that 
exceeded  80%. 

Distinct  differences  in  parasitization  rates  of  particu- 
lar host  species  have  been  recorded,  even  for  the  most 
polyphagous  species  P.  fasciata.  In  the  St.  Petersburg 
region,  Lipa  and  Semyanov  (1967)  found  that  parasiti- 
zation of  Myzia  oblongoguttata  might  reach  25%,  while 
in  other  species  it  was  less  than  5%.  In  West  Siberia, 
Filatova  (1974)  recorded  up  to  45%  parasitization  of 
C.  septempunctata,  Anatis  ocellata  and  Hip.  tredecimpunc- 
tata,  up  to  25-30%  parasitization  of  Hai:  axyridis, 
A.  bipimctata  and  E.  quadripustulatus,  and  below  15% 
parasitization  of  other  species.  In  Britain,  Disney  et  al. 
(1994)  found,  that  of  the  three  arboreal  species,  A. 
decempunctata,  A.  bipunctata  and  Calvia  quatuordecim- 
guttata,  the  most  affected  by  the  flies  was  the  least 
abundant  C.  quatuordecimguttata. 

Data  on  the  parasitization  rates  of  ladybird  pupae  by 
Phalacrotophora  species  other  than  P.  fasciata  are  scant. 
Wylie  (1958)  reports  more  than  50%  parasitization  of 


Aphidecta  obliterata  by  P.  berolinensis  on  conifers  in  the 
Vosges  Mountains  (eastern  France).  During  three  con- 
secutive study  seasons  in  central  Poland,  Durska  et  al. 
(2003)  recorded  mean  parasitization  rates  of  An.  ocel- 
lata by  P.  beuki  ranging  between  36  and  41%.  Parasiti- 
zation of  Har.  axyridis  by  Phalacrotophora  sp.  (possibly 
P.  philaxyridis)  was  found  to  reach  up  to  1 7. 7%  in  Kyoto 
(central  Japan)  (Osawa  1992a),  and  to  fluctuate 
between  0.4  and  6.7%  during  May-October  in  the 
Chuncheon  area  of  Korea  (Park  et  al.  1996).  In  New 
Caledonia,  Disney  & Chazeau  (1990)  noted  P quad- 
rimaculata  parasitizing  15-79%  (39%  on  average)  of 
an  introduced  ladybird  species,  011a  v-nigruin. 

Multiparasitism 

The  parasitization  of  a single  host  by  two  species,  P. 
fasciata  and  P.  berolinensis,  has  been  recorded  several 
times.  The  host  species  involved  were  A.  bipimctata 
(Disney  1979,  Disney  et  al.  1994),  M.  oblongoguttata 
and  C.  magnifica  (Ceryngier  & Hodek  1996). 

Host  defence 

The  usual  response  of  ladybird  prepupae  and  pupae  to 
physical  disturbances,  including  those  caused  by  pred- 
ators and  parasitoids,  is  'flicking',  i.e.  rapid  and  repeated 
raising  and  dropping  of  their  anterior  end.  Disney  et  al. 
(1994)  found  that  this  behaviour  is  relatively  ineffec- 
tive as  a defence  against  Phalacrotophora  species.  Ovi- 
positing Phalacrotophora  species  were  only  deterred  in 
17  out  of  61  observations  by  flicking  of  A.  bipunctata 
prepupae  and  pupae.  Disney  & Chazeau  (1990) 
reported  that  flicking  by  O.  v-nigrum  did  not  seem  to 
deter  P.  quadrimaculata  from  oviposition. 

The  common  defensive  behaviour  of  ladybirds 
against  enemies,  reflex  bleeding,  may  also  be  shown  by 
the  prepupae  defending  themselves  from  Phalacroto- 
phora. Disney  et  al.  (1994)  found  C.  septempunctata  pre- 
pupae to  reflex  bleed  in  response  to  ovipositor  insertion 
by  the  flies.  In  one  instance  of  five  prepupae  observed, 
fluid  secreted  from  the  dorsal  surface  contaminated  the 
legs  of  the  fly,  and  this  deterred  it  from  ovipositing. 

8. 3. 2. 8 Oomyzus  scaposus  (Thomson) 
(Hymenoptera:  Eulophidae,  Tetrastichinae) 

Synonyms:  Tetrastichus  coccinellae  Kurdjumov,  T. 
rnelanis  Burks,  T.  sexniaculatus  Chandy  Kurian,  Synto- 
mosphyrus  taprobanes  Waterston. 
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Ooniyzus  scaposus  is  probably  the  most  widely  distrib- 
uted and  most  common  species  of  ladybird  larval  and 
pupal  parasitoids  belonging  to  the  eulophid  subfamily 
Tetrastichinae.  Several  other  species  of  lesser  impor- 
tance can  be  found  within  the  genera  Apwstocetus, 
Baryscapus,  Oomyzus  and  Tetrastichus  (Table  8.3). 

According  to  the  distribution  records  quoted  by 
Noyes  (2011),  0.  scaposus  occurs  in  the  Nearctic,  Pal- 
aearctic,  Oriental  and  Australasian  regions.  The 
reported  localities  extend  from  high  latitudes  in  the 
Northern  Hemisphere,  even  beyond  the  Arctic  Circle 
(the  Murmansk  region  of  Russia),  through  the  tropics 
(Colombia,  southern  India,  Sri  Lanka,  Indonesia),  to 
the  temperate  areas  in  the  Southern  Hemisphere  (New 
Zealand).  The  only  big  land  masses  where  this  species 
has  not  been  recorded  are  South  America  (except 
Colombia)  and  sub-Saharan  Africa. 

The  host  range  of  0.  scaposus  reported  by  Noyes 
(2011)  is  also  quite  wide.  It  mostly  includes  ladybird 
species  of  the  tribes  Coccinellini  (subfamily  Coccinel- 
linae)  and  Chilocorini  (Chilocorinae),  but  there  are 
also  single  reports  of  infection  of  Scymiius  sp.  (Scymni- 
nae)  and  Chrysopa  spp.  (Neuroptera:  Chrysopidae). 

Tetrastichinae  is  an  extremely  difficult  group  taxo- 
nomically  (LaSalle  1993)  and  hence  many  records 
concerning  O.  scaposus  and  related  species  should  be 
treated  with  caution. 

Life  cycle 

Females  of  0.  scaposus  prefer  to  lay  eggs  in  third  and 
fourth  instar  ladybird  larvae,  although  they  have 
also  been  reported  ovipositing  in  pupae  (Iperti  1964, 
Klausnitzer  1969),  as  well  as  younger  larvae  (Filatova 
1974).  According  to  Semyanov  (1986),  the  eggs  are 
usually  inserted  between  the  thorax  and  abdomen  of 
the  host,  sometimes  between  its  pleura,  and  sporadi- 
cally into  the  head  capsule.  The  process  of  oviposition 
lasts  from  one  to  2.5  minutes.  After  removing  her  ovi- 
positor, the  female  feeds  on  the  fluid  from  the 
wound  (Ogloblin  1913,  Semyanov  1986).  The  female 
may  oviposit  up  to  three  times  into  the  same  host 
(Semyanov  1986). 

A parasitized  ladybird  larva  usually  develops  to  the 
pupal  stage  and  then  dies  and  becomes  darker.  Adult 
wasps  emerge  from  one,  or  sometimes  more,  small 
openings  bitten  through  the  cuticle  in  the  dorsal  side 
of  the  pupa  (Filatova  1974).  If  young  larvae  (first  and 
second  instar)  are  parasitized,  wasps  may  emerge 
before  the  host  pupates  (Filatova  1974). 


Many  0.  scaposus  individuals  can  develop  success- 
fully within  a single  host;  up  to  47  were  recorded  by 
Semyanov  (1986)  emerging  from  individual  pupae  of 
C.  septempunctata.  The  wasps  are  sexually  mature  at 
emergence  and  mate  within  a few  minutes  of  emerging 
(Iperti  1964,  Filatova  1974). 

The  development  of  O.  scaposus  has  been  reported 
to  last  20-32  days  in  southeastern  France  (Iperti 
1964),  about  20  days  in  the  Poltava  region  (Ukraine) 
(Ogloblin  1913)  and  15-26  days  in  the  Russian  Far 
East  (Kuznetsov  1987).  Filatova  (1974)  found  that 
wasps  developed  in  1 5-1 8 days  at  a mean  daily  tem- 
perature of  23°C. 

Due  to  relatively  fast  development,  O.  scaposus  can 
produce  several  generations  per  year  under  favour- 
able conditions  (Telenga  1948,  Iperti  1964).  Parasi- 
toids developing  later  in  the  season  enter  diapause  to 
overwinter  as  prepupae  inside  their  dead  hosts  (Telenga 
1948,  Iperti  1964,  Filatova  1974). 

Parasitization  rates 

Oomyzus  scaposus  is  sometimes  reported  as  an  impor- 
tant mortality  factor  of  ladybirds,  especially  of  multi- 
voltine  coccidophagous  Chilocorus  spp.  in  warmer  parts 
of  the  Palaearctic  region.  The  level  of  parasitization  of 
successive  generations  of  these  ladybirds  tends  to 
rapidly  increase,  so  that,  late  in  the  season,  high  para- 
sitization rates  can  be  observed  (Rubtsov  1954,  Mura- 
shevskaya  1969,  Stathas  2001,  Stathas  et  al.  2008). 

Aphidophagous  ladybirds  are  more  dispersive  than 
species  of  Chilocorus  and  such  time-dependent  trends 
of  parasitization  rates  by  0.  scaposus  are  more  difiicult 
to  demonstrate.  Nevertheless,  Iperti  (1964)  found  that, 
in  southeastern  France,  parasitization  of  C.  septem- 
punctata developing  early  in  the  season  (April-May) 
was  0-1%,  while  later  (June-July)  it  was  almost  20%. 
The  rates  of  parasitization  by  O.  scaposus  reported  for 
aphidophagous  Coccinellidae  are  generally  very  vari- 
able and  may  fluctuate  considerably  from  year  to  year 
(Dean  1983,  Semyanov  1986,  Pankanin-Franczyk  & 
Ceryngier  1999). 

8. 3. 2. 9 Pediobius  foveolatus  (Crawford) 
(Hymenoptera:  Eulophidae,  Entedoninae) 

Generic  synonym:  Pleurotropis  Foerster. 

Species  synonyms:  Pediobius  epilachnae  (Rohwer), 
P mediopunctata  (Waterston),  P.  simiolus  (Takahashi), 
Mestocharis  lividus  Girault. 


410  P.  Ceryngier,  H.  E.  Roy  and  R.  L.  Poland 


Pedohius  foveolatus  is  a gregarious  larval  endopar- 
asitoid  of  phytophagous  ladybirds  of  the  subfamily 
Epilachninae  (Lall  1961,  Kerrich  1973).  The  report  on 
predaceous  C.  septempunctata  and  Menochilus  sexmacu- 
latus  as  hosts  of  this  wasp  (Bhatkar  & Subba  Rao  1976) 
certainly  relates  to  a different  parasitoid  species 
(Bledsoe  et  al.  1983). 

Pedohius  foveolatus  is  widely  distributed  in  Afro- 
tropical,  Oriental,  southern  Palaearctic  and  Australa- 
sian regions  (Kerrich  1973).  Additionally,  it  was 
introduced  to  the  Nearctic  region  (USA)  to  control 
Epilachna  varivestis.  However,  establishment  of  the 
parasitoid  in  that  region  is  impeded  in  winter.  There- 
fore. laboratory-bred  wasps  are  released  annually 
(Stevens  et  al.  1975a,  1975b,  Schaefer  et  al.  1983). 

Life  cycle 

Pedohius  foveolatus  reproduces  arrhenotokously 
(Stevens  et  al.  1 9 75b) . The  adults  mate  soon  after  emer- 
gence from  their  dead  (mummified)  hosts  (Lai  1946, 
Lall  1961,  Stevens  etal.  19  75b).  The  process  of  mating 
usually  lasts  15-30  seconds  (Lai  1946,  Lall  1961). 

Female  P.  foveolatus  oviposit  into  host  larvae,  prefer- 
entially of  older  instars  (Appanna  1948,  Lall  1961, 
Stevens  et  al.  1975b).  and  sometimes  into  freshly 
moulted  pupae  (Appanna  1948).  Lall  (1961)  found 
that  young  Epilachna  larvae  (first  and  second  instar) 
are  not  suitable  for  P.  foveolatus  development  because, 
in  such  hosts,  parasitoid  larvae  die  before  pupation. 
Appanna  (1948)  observed  first  instar  larvae  of 
Elenosepilachua  vigintioctopunctata  to  be  stung  by 
P.  foveolatus.  but  without  oviposition.  Nevertheless,  the 
attack  caused  the  darkening  of  the  larvae  that  is  typical 
of  parasitization. 

According  to  Appanna’s  (1948)  detailed  observa- 
tions of  P.  foveolatus  oviposition  behaviour,  the 
female  stings  a host  larva  several  times.  The  first  two 
stings  are  brief  and  are  not  accompanied  by  ovi- 
position. They  cause  sudden  quick  movements  of  the 
host:  this  behaviour  is  not  displayed  during  later 
stings,  which  are  associated  with  oviposition.  It  is  pos- 
sible that  the  initial  stings  inject  paralyzing  venom  into 
the  host's  body,  so  the  wasp  can  begin  egg  laying,  a 
process  lasting  3-4  minutes.  An  individual  female  may 
oviposit  three  times  into  the  same  host  at  intervals  of 
about  15-20  minutes.  Eggs  are  laid  just  below  the 
larval  skin  through  the  soft  intersegmental  mem- 
branes, usually  on  the  dorsal  surface  of  the  larva. 

At  25°C,  egg  incubation  lasts  about  2 days.  The 
hatched  larvae  pass  throngh  three  instars  and 


pupate  inside  the  host  mummy  about  one  week  after 
hatching.  The  pnpal  stage  lasts  4-5  days.  Emer- 
gence of  adults  takes  place  approximately  13.5  days 
after  egg  deposition  (Bledsoe  et  al.  1983). 

Parasitization  by  P foveolatus  leads  to  the  death 
of  the  host  larva  or  pupa  and  its  mummification.  A 
few  days  after  parasitization,  the  host  larva  stops 
feeding,  dies,  darkens  and  hardens  (Lai  1946,  Lall 
1961,  Appanna  1948,  Stevens  et  al.  1975b).  Adult 
P.  foveolatus  emerge  from  the  host  mummy  through 
one  or,  more  rarely,  two,  holes  on  the  dorsal  side 
(Appanna  1948).  The  reported  number  of  individuals 
emerging  from  a single  field-collected  host  usually 
ranges  from  one  or  a few  to  20-30  (Lai  1946,  Appanna 
1948,  Lall  1961,  Barrows  & Hooker  1981).  As 
the  mean  clutch  size  of  P.  foveolatus  in  an  unparasit- 
ized larva  of  E.  varivestis  was  found  in  laboratory 
tests  to  be  about  13  (range  5-22)  (Hooker  & Barrows 
1992),  the  higher  values  within  the  reported  range 
might  refer  to  cases  of  superparasitism.  It  has  been 
shown  that  females  of  P.  foveolatus  can  superparasitize, 
in  spite  of  their  ability  to  discriminate  between  previ- 
ously parasitized  and  unparasitized  hosts  (Shepard 
& Gale  19  77,  Hooker  & Barrows  1992).  Host  discrim- 
ination in  this  species  is  expressed  by  much  less 
frequent  ovipositions  into  parasitized  than  unparasit- 
ized hosts  (Shepard  & Gale  1977),  and  by  reduction  of 
the  clutch  size  laid  in  the  former  (Hooker  & Barrows 
1992). 

Parasitization  rates 

Pedohius  foveolatus  has  often  been  reported  to  limit 
considerably  the  populations  of  epilachnine  ladybirds. 
On  potato  fields  around  Bangalore  (India),  Appanna 
(1948)  recorded  average  parasitization  of  H.  vigintioc- 
topunctata to  exceed  40%;  it  was  about  30%  in  Febru- 
ary and  March,  but  reached  much  higher  values 
(60-77%)  later  in  the  season.  Parasitization  of  the 
same  host  species  and  in  the  same  region,  reported 
by  Venkatesha  (2006)  on  a medicinal  plant,  Withania 
sonmifera,  was  similarly  high  (range  52-70%).  In 
Sumatra,  parasitization  rates  of  pupae  of  Epilachna  sp. 
on  bitter  melon  (Momordica  charantia)  were  around 
25%  between  March  and  September,  and  60%  between 
October  and  December  (Abbas  & Nakamura  1985). 

Pedobius  foveolatus  as  a hiocontrol  agent 

Pedohius  foveolatus  can  parasitize  many  phytophagous 
ladybirds,  including  those  which  are  serious  pests  of 
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cultivated  plants,  and  so,  attempts  have  been  made  to 
use  this  parasitoid  as  a biological  control  agent.  The 
best-known  example  involves  releases  of  the  wasp  in 
the  eastern  USA  against  the  notorious  pest  of  soy  and 
other  beans,  the  Mexican  bean  beetle  (E.  varivestis).  ft 
was  found  that  P.  foveolatus  of  Indian  and  Japanese 
origin  can  successfully  parasitize  E.  varivestis  (Angalet 
et  al.  1968,  Schaefer  et  al.  1983),  as  well  as  some  other 
American  Epilachninae  (Romero-Napoles  et  al.  1987). 
However,  neither  Indian  nor  Japanese  wasps  can  over- 
winter in  the  areas  where  they  were  released  (Schaefer 
et  al.  1983).  Schaefer  et  al.  (1983)  supposed  that  it  was 
not  climatic  constraints,  but  the  lack  of  a suitable 
winter  host  that  prevents  establishment  of  P.  foveolatus 
in  North  America.  They  hypothesized  that  in  its  native 
range,  P.  foveolatus  spends  the  winter  months  as  dia- 
pausing  larvae  inside  overwintering  larvae  of  certain 
Epilachninae,  e.g.  Epilachna  admirabilis.  Since  all 
eastern  North  American  Epilachninae  overwinter  as 
adults,  there  is  no  possibility  for  the  parasitoid  to 
survive  the  winter  in  the  Held. 

Due  to  the  inability  of  P.  foveolatus  to  overwin- 
ter in  North  America,  control  of  the  Mexican  bean 
beetle  by  this  species  can  only  be  achieved  through  the 
releases  of  laboratory-reared  wasps.  Preliminary 
results  of  such  releases  in  soybean  fields  and  vegetable 
gardens  appeared  promising  (Stevens  et  al.  1975a, 
Barrows  & Hooker  1981)  and  so  the  wasps  became 
commercially  produced  for  gardeners  and  farmers 
(Schaefer  et  al.  1983). 

Less  known,  but  no  less  successful,  was  the  applica- 
tion of  P.  foveolatus  against  Henosepilachna  vigintisex- 
punctata  on  Saipan  (Mariana  Islands).  This  ladybird 
was  accidentally  introduced  to  the  island  in  1948  and 
became  a serious  pest  of  solanaceous  crops.  Releasing 
P.  foveolatus  in  1985  rapidly  suppressed  the  beetle  pop- 
ulation. An  island-wide  survey  performed  in  1989 
revealed  that  about  80%  of  H.  vigintisexpunctata  larvae 
were  parasitized  (Chiu  & Moore  1993). 


8.4  PARASITES  AND  PATHOGENS 

8.4.1  Acarina 

8. 4.1.1  Phoretic  mites 

Mites  found  on  coccinellids  may  be  divided  into  those 
that  are  parasitic,  and  those  that  simply  use  the  coc- 
cinellid  as  a means  of  transport  between  hosts. 


This  latter,  phoretic  group  includes  species  in  the 
families  Hemisarcoptidae,  Winterschmidtiidae  and 
Acaridae  of  the  order  Astigmata,  which  prey  on  coccids 
and  other  hemipterans.  The  hypopus  stage  of  the  mite 
does  not  feed,  but  attaches  itself  to  the  outer  surface  of 
an  arthropod  to  be  vectored  to  new  host  plants  and 
prey  colonies.  Mites  of  the  genus  Hemisarcoptes 
(Hemisarcoptidae)  are  important  predators  of  dias- 
pidid  scale  insects  (Gerson  et  al.  1990,  Izraylevich  & 
Gerson  1993,  Ji  et  al.  1994),  and  are  generally  vec- 
tored between  prey  colonies  by  members  of  the  genus 
Chilocorus,  since  these  species  also  prey  on  coccids 
(Houck  & O’Connor  1991).  Four  new  species  of 
hemisarcoptid  mite  were  discovered  in  surveys  of  the 
mite  fauna  of  coccinellids  collected  in  southern 
England,  Holland  and  Belgium  in  the  early  1990s  (Fain 
et  al.  1995,  1997).  It  is  likely  that  many  new  species 
of  mites  that  are  phoretic  on  coccinellids  await 
discovery. 

Although  these  mites  are  not  actually  parasitic  on 
coccinellids  and  have  no  known  detrimental  impact, 
their  phoresy  is  clearly  important  in  biological  control. 
Species  of  Chilocorus  may  be  selected  as  biological 
control  agents  against  coccids,  and  their  efficiency  in 
control  programs  may  be  increased  by  ensuring  that 
released  individuals  carry  hypopi  of  mites  that  will  also 
attack  the  coccids. 

A variety  of  truly  parasitic  mites  have  also  been 
recorded  from  ladybirds.  These  include  some  species, 
such  as  Leptus  ignotus,  that  parasitize  a wide  variety  of 
arthropods  (Hurst  et  al.  1997a),  and  mites  of  the 
genus  Coccipolipus  that  specialize  on  coccinellids. 


8 . 4 . 1 . 2 Coccipolipus  Husband 
(Prostigmata:  Podapolipidae) 

The  mite  genus  Coccipolipus  was  erected  by  Husband  in 
1972  and  comprises  14  species  known  to  be  parasitic 
upon  coccinellids  in  the  subfamilies  Coccinellinae, 
Epilachninae  and  Chilocorinae  (Husband  1984b, 
Ceryngier  & Hodek  1996:  Table  8.14).  Although 
many  of  these  species  are  tropical,  the  best  researched 
is  the  widely  distributed  Coccipolipus  hippodamiae, 
which  has  been  recorded  from  the  United  States, 
Russia,  central  and  eastern  Europe,  and  the  Demo- 
cratic Republic  of  the  Congo  (Table  8.14).  Detailed 
work  on  this  species  in  Europe  has  shown  that  it  is  the 
causative  agent  of  a sexually  transmitted  disease 
(Hurst  et  al.  1995,  Webberley  et  al.  2004,  Webberley 
et  al.  2006a). 
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Table  8.14  Described  species  of  the  genus  Coccipolipus  and  their  known  host  and  distribution  records  (adapted  and  updated 
from  Ceryngier  & Hodek  1996). 


Coccipolipus  species 

Hosts  and  distribution 

References 

africanae 

Epiiachna  spp.  (DR  Congo,  Rwanda) 

Husband  (1984a) 

arturi 

Henosepilachna  vigintioctopunctata  (Sumatra) 

Haltlinger  (1998) 

benoiti 

Henosepilachna  elaterii  (South  Africa) 

Husband  (1981) 

bifasciatae 

Henosepilachna  bifasciata  (Zimbabwe) 

Husband  (1984a) 

cacti 

Chilocorus  cacti  (Mexico) 

Husband  (1989) 

camerouni 

Epiiachna  nigrolimbata  (Cameroun) 

Husband  (1984a) 

chilocori 

Chilocorus  spp.  (DR  Congo,  Kenya) 

Husband  (1981) 

cooremani 

Cheilomenes  spp.  (DR  Congo,  Rwanda) 

Husband  (1983) 

epilachnae 

Epiiachna  spp.  (El  Salvador,  Guatemala, 
Honduras,  Mexico,  USA) 

Smiley  (1974);  Schroder  & 
Schroder  (1989) 

hippodamiae 

Hippodamia  convergens  (USA) 

Adalla  bipunctata  (USA,  Russia,  Poland,  France, 
Italy,  Germany,  Austria,  Czech  Republic, 
Sweden,  Ukraine,  Georgia  Rep.) 

Adalla  decempunctata  (Poland,  Hungary, 
Germany,  Russia) 

Oenopla  conglobata  (Poland) 

Calvla  quatuordecimguttata  (Poland) 

Harmonia  quadripunctata  (France) 

Harmonia  axyridis  (Poland,  USA) 

Coccinella  magnifica  (UK) 

Exochomus  troberti  concavus  (DR  Congo) 
Exochomus  fulvimanus  (DR  Congo) 

Coccinella  septempunctata  (Ukraine) 

McDaniel  & Morrill  (1969);  Husband 
(1981);  Eldelberg  (1994);  Majerus 
(1994);  Hurst  et  al.  (1995); 
Zakharov  & Eidelberg  (1997); 
Webberley  et  al.  (2004,  2006b); 
Rhule  & Majerus  (2008);  Rhule 
et  al.  (2010);  Riddick  (2010); 

J.  J.  Sloggett,  unpublished 

macfarlanei 

Cycloneda  sangulnea  (Trinidad,  El  Salvador) 
Coccinella  leonina  transversalis  (Australia,  New 
Hebrides) 

Coccinella  transversoguttata  (USA) 

Coccinella  septempunctata  (Iran,  Ukraine,  Poland) 
Coccinella  undecimpunctata  (Iran) 

Husband  (1972,  1981,  1984b, 
1989);  Smiley  (1974);  Eldelberg 
(1994);  Hajlqanbar  et  al.  (2007); 
R.  W.  Husband  & P.  Ceryngier, 
unpublished 

micraspisi 

Micraspis  spp.  (DR  Congo) 

Declivitata  spp.  (DR  Congo,  Rwanda) 

Husband  (1983,  1984a) 

oconnori 

Chilocorus  stigma  (USA) 

Husband  (1989) 

solanophilae 

Epiiachna  karisimbica  (DR  Congo) 

Cooreman  (1 952) 

Life  cycle 

All  stages  of  C.  hippodamiae  live  on  the  underside  of  the 
elytra  of  coccinellids  (Husband  1981,  Majerus  1994; 
Fig.  8.8).  The  mouthparts  of  adult  females  become 
embedded  into  the  host’s  elytra,  or  occasionally  into 
the  dorsal  surface  of  the  abdomen,  allowing  them  to 
feed  on  host  haemolymph.  It  is  thought  that  female 
mites  are  fertilized  in  their  final  larval  instar,  since 
colonies  of  egg-laying  females  have  resulted  from  the 
artificial  transfer  of  just  one  larva  to  a previously 


uninfected  host  (E.L.  Rhule,  unpublished.).  Eggs  hatch 
into  motile  larvae,  and  these  migrate  between  hosts 
(Knell  & Webberley  2004).  Webberley  and  Hurst 
(2002)  report  that  transmission  almost  always 
occurs  through  sexual  contact,  although,  on  rare 
occasions,  larvae  may  be  transferred  through  close 
physical  contact  during  host  overwintering.  Once  on  a 
novel  host,  larvae  embed  their  mouthparts  and  meta- 
morphose into  adults.  Thereafter,  adult  mites  are 
entirely  sedentary.  Establishment  and  subsequent 
maintenance  of  the  mite  within  a host  coccinellid 
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Figure  8.8  The  underside  of  the  elytron  of  an  Adalia 
bipunctata  infected  with  Coccipolipus  bippodamiae  (six  large 
adult  female  mites  and  their  eggs  are  visible)  (photo 
courtesy  of  Emma  Rhule).  (See  colour  plate) 


population  is  dependent  on  two  key  factors:  high  levels 
of  promiscuity  to  permit  horizontal  transmission 
between  host  individuals,  and  overlapping  generations 
to  facilitate  vertical  transmission  down  generations 
(Majerus  1994). 

Prevalence 

Webberley  et  al.  (2006a)  report  an  increase  in  the 
prevalence  of  C.  hippodamiae  in  A.  bipunctata  popula- 
tions through  the  year,  with  up  to  90%  of  some  popula- 
tions of  the  beetle  being  infected  by  the  latter  part  of 
the  breeding  season.  This  is  thought  to  be  a direct  con- 
sequence of  mating  rate  and  the  extent  that  matings 
occur  between  individuals  of  successive  generations. 

Variation  in  the  prevalence  of  the  mite  on  different 
host  species  has  also  been  attributed  to  the  frequency 
of  mating  of  the  hosts  (Webberley  et  al.  2004).  Highest 
prevalence  is  seen  in  A.  bipunctata,  which  is  more  pro- 
miscuous than  the  less  commonly  infected  A.  decem- 
punctata  and  Oenopia  conglobata.  Lowest  prevalence 
was  recorded  in  Calvia  quatuordecimguttata.  This  species 
requires  an  overwintering  diapause  before  breeding, 
leading  to  a lack  of  consistent  sexual  activity  between 
generations  and  hence  a barrier  to  mite  vertical  trans- 
mission. It  is  suggested  that,  in  some  parts  of  Europe, 
C.  hippodamiae  is  lacking  from  A.  bipunctata  populations 
(Britain,  coastal  areas  of  northwest  continental 
Europe)  or  is  scarce  (Scandinavia),  due  to  limited  inter- 
generational  mating  of  the  ladybird  (Majerus  1994, 


Webberley  et  al.  2006b).  In  some  years  in  northwest 
Europe,  the  old  generation  dies  before  the  new  genera- 
tion is  reproductively  mature. 

The  only  coccinellid  from  which  Coccipolipus  mites 
have  been  recorded  in  Britain  is  C.  magniflca  (J.J.  Slog- 
gett,  unpublished).  The  presence  of  mites  on  this 
species  is  probably  due  to  the  extended  longevity  of  C. 
magniflca,  promoted  by  its  symbiotic  relationship  with 
ants  (Sloggett  et  al.  1998).  This  means  that  some 
adults  always  survive  until  the  first  of  the  next  genera- 
tion have  eclosed,  allowing  some  intergenerational 
mating  each  year,  and  transmission  of  the  mite  down 
host  generations  (J.J.  Sloggett,  unpublished). 

Effects  on  hosts 

Infection  of  coccinellids  by  C.  hippodamiae  has  strong 
negative  effects,  whereby  female  hosts  become  infertile. 
This  has  been  particularly  well  studied  in  A.  bipunctata, 
in  which  complete  sterility  was  induced  within  approx- 
imately three  weeks  of  infection  (Hurst  et  al.  1995, 
Webberley  et  al.  2004).  Hurst  et  al.  (1995)  speculate 
that  sterility  results  from  mite-infection  interfering 
with  the  production  of  the  chorion  of  the  egg,  since 
eggs  laid  by  infected  females  were  observed  to  shrivel 
and  desiccate  within  24  hours  of  being  laid.  Webberley 
and  Hurst  (2002)  also  demonstrated  that  infected  A. 
bipunctata,  especially  males,  were  less  likely  to  survive 
overwintering. 

The  interactions  between  other  Coccipolipus  species 
and  their  hosts  have  been  less  studied,  although  it  is 
thought  that  patterns  of  transmission  are  likely  to  be 
similar  as  for  C.  hippodamiae,  with  similar  effects  on 
host  fitness.  Indeed,  Schroder  (1982)  reports  that  C. 
epilachnae  reduces  fecundity  of  E.  varivestis  by  two- 
thirds,  and  increases  mortality  by  40%. 

Coccipolipus  in  biological  control 

Coccipolipus  epilachnae  has  been  introduced  from 
Central  America  into  the  USA  to  control  E.  varivestis, 
which  is  a pest  of  soybean,  although  there  is  some  disa- 
greement in  the  literature  over  whether  it  actually  sup- 
presses host  populations  (Hochmuth  et  al.  1987, 
Schroder  1982,  Cantwell  et  al.  1985). 

Work  is  currently  being  undertaken  to  assess  the 
potential  of  using  C.  hippodamiae  to  control  the  invasive 
coccinellid  Elar.  axyridis  in  Britain  and  Europe  (Rhule  & 
Majerus  2008,  Rhule  et  al.  2010).  The  fact  that  C.  hip- 
podamiae  has  been  recovered  from  its  congener,  Har. 
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quadripunctata  (Rhule  & Ma] erus  2 00 8 ),  led  the  authors 
to  suppose  that  Har.  axyridis  may  also  be  a suitable 
host  and,  if  similar  effects  on  female  fertility  are  found 
in  Har.  axyridis  as  were  documented  in  A.  bipunctata, 
infection  with  this  mite  may  represent  a promising 
avenue  for  controlling  invasive  Har  axyridis  popula- 
tions. Rhule  et  al.  (2010)  were  able  to  establish  suc- 
cessful mite  colonies,  consisting  of  reproducing  adult 
females  and  their  eggs,  through  artificial  transfer  onto 
Har  axyridis.  Thereafter,  infection  was  transmitted 
horizontally  through  copulation,  and  infected  females 
were  found  to  become  completely  sterile  within  3 
weeks  of  infection.  This  work  demonstrates  the  poten- 
tial for  C.  hippodamiae  to  become  established  on  Har. 
axyridis  as  a novel  host,  and  to  significantly  reduce 
host  fitness.  Further  work  is  required  to  ascertain 
whether  the  mite  would  actually  regulate  host  popu- 
lation numbers  in  the  long  term.  Recent  sampling  of 
Har  axyridis  in  Torun,  Poland,  has  revealed  natural 
infection  by  C.  hippodamiae  (Rhule  et  al.  2010),  so  it 
seems  that,  even  in  the  absence  of  human  interven- 
tion, this  mite  may  naturally  propagate  through  Har. 
axyridis  populations,  at  least  in  parts  of  continental 
Europe. 

8.4.2  Nematodes 

Nemathelminthes  attacking  Coccinellidae  belong 
almost  exclusively  to  the  Nematoda,  with  only  a single 
report  of  a primitive  Nematomorpha  attacking  Coc- 
cinella  leonina  transversalis  (Anderson  et  al.  1986). 

Field  and  laboratory  studies  have  demonstrated  that 
ladybirds  may  be  susceptible  to  entomopathogenic 
nematodes  belonging  to  several  families,  such  as 
Steinernematidae  (Mracek  & Ruzicka  1990,  Abdel- 
Moniem  & Gesraha  2001,  Shapiro-flan  & Cottrell 
2005),  Heterorhabditidae  (Abdel-Moniem  & Gesraha 
2001,  Shapiro-Ilan  & Cottrell  2005),  Allantonemati- 
dae  (Iperti  1964,  Hariri  1965,  Narsi  Reddy  & Narayan 
Rao  1984)  or  Mermithidae  (Delucchi  1953,  Iperti 
1964,  Rhamhalinghan  1986a).  However,  only  the 
members  of  the  latter  two  families  have  been  reported 
to  parasitize  ladybirds  in  the  wild. 

8.4.2. 1 Allantonematidae  (Tylenchida) 

Within  the  Allantonematidae,  Parasitilenchus  coc- 
cinellinae  has  been  reported  from  P.  quatuordecimpimc- 
tata.  A.  bipunctata,  Oenopia  conglobata,  Hip.  variegata  and 


Ceratomegilla  undecimnotata  in  Europe  (Iperti  1964, 
Iperti  & van  Waerebeke  1968),  and  Menochilus  sex- 
maculatus  and  Illeis  indica  in  India  (Narsi  Reddy  & 
Narayan  Rao  1984). 

The  level  of  parasitization  of  coccinellids  by  P. 
coccinellmae  varies  with  host  species.  In  France,  Iperti 
& van  Waerebeke  (1968)  found  that  multivoltine 
species  were  most  heavily  parasitized,  especially  P.  quat- 
uordecimpunctata  (up  to  70%),  with  0.  conglobata  less  so 
(20%),  and  A.  bipunctata  and  Hip.  variegata  the  least 
heavily  parasitized.  The  univoltine  species  Cer  undecim- 
notata was  only  found  infected  occasionally.  Menochilus 
sexmaculatus  in  India  was  found  parasitized  at  a rate  of 
22%,  while  only  2-3%  of  I.  indica  were  attacked  (Narsi 
Reddy  & Narayan  Rao  1984). 

Over  100  adult  female  P coccinellinae  may  infest  a 
single  host,  with  up  to  10,000  larvae  and  young  adults 
(Iperti  & van  Waerebeke  1968,  Narsi  Reddy  & Narayan 
Rao  1984).  The  method  of  transmission  from  one  host 
to  the  next  is  unknown,  but  it  may  be  sexually  trans- 
mitted. Certainly,  P.  coccinellmae  is  common  in  the 
reproductive  organs  of  its  host.  Ceryngier  & Hodek 
(1996)  also  suggest  that  transmission  may  occur 
through  host  tracheae  or  through  soft  parts  of  the 
cuticle  between  sclerites.  They  also  speculate  that 
transmission  may  occur  in  coccinellid  overwintering 
aggregations,  where  damp  conditions  may  facilitate 
nematode  propagation.  Ceryngier  & Hodek  (1996) 
provide  details  of  the  life  cycle  of  P.  coccinellinae. 
Within  4 days  of  penetrating  the  body  cavity,  the 
ovaries  of  the  fertilized  female  nematode  become 
enlarged  and  soon  the  uterus  becomes  filled  with  free 
larvae  and  developing  eggs.  The  first  larval  moult 
occurs  inside  the  mother,  while  the  remaining  two 
occur  within  the  host  body  cavity.  The  third  moult 
either  gives  rise  to  adult  males,  or  a final  instar  of  larval 
females  with  ovarial  primordia  of  5-9  cells.  Larval 
females  are  fertilized  by  the  males  at  this  stage  and  will 
not  undergo  their  fourth  and  final  moult  until  pene- 
trating a new  host. 

Parasitilenchus  coccinellinae  is  not  usually  fatal  to  its 
host,  but  retards  maturation  of  the  ovaries,  consumes 
host  resources  and  is  known  to  have  a general  debilitat- 
ing effect  (Ceryngier  & Hodek  1996). 

There  is  one  report  of  allantonematid  nematodes  of 
the  genus  Howardula  infesting  A.  bipunctata  larvae  in 
England  (Hariri  1965).  These  nematodes  did  not  seem 
to  affect  the  gonads  of  their  host  as  other  allantonema- 
tids  do,  but  did  result  in  a reduction  in  size  of  host  fat 
bodies. 
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8. 4.2. 2 Mermithidae  (Mermithida) 

The  immature  stages  of  several  members  of  the 
Mermithidae  are  known  to  be  solitary  endoparasites 
of  adult  ladybirds,  although  Delucchi  (1953)  recorded 
parasitization  of  the  larvae  of  Aphidecta  ohliterata. 
Identification  of  the  worms  to  species  level  is  difficult 
because  only  the  juvenile  stages  are  found  in  coccinel- 
lids.  Iperti  (1964)  found  nematodes  of  the  genus 
Mermis  in  four  aphidophagous  coccinellids  in  south- 
east France.  From  2.5  to  4.2%  of  overwintering 
Hip.  variegata  were  infected:  aestivating  populations 
of  Cer.  undecimnotata  were  infected  at  a prevalence  of 
1.2%;  while  active  P.  quatuordecimpunctata  and  C.  sep- 
tempunctata  were  only  occasionally  infected  (Iperti 
1964). 

Rhamhalinghan  (1986  a,b,c.  1987  a,b,c.  1988) 
carried  out  detailed  studies  of  the  infection  of  C.  sep- 
tempunctata  by  nematodes  of  the  genus  Hexamermis 
(=  Coccinellimermis)  in  India.  These  nematodes  reduce 
the  weight,  respiratory  rate  and  the  size  of  the  fat  body 
of  their  hosts.  Host  ovary  growth  and  development  is 
retarded  and  the  worm  can  cause  physical  damage  to 
vital  organs  such  as  the  ovaries,  tracheae,  alimentary 
canal,  Malpighian  tubules,  nervous  system  and  heart. 
Parasitized  females  undergo  a marked  change  in 
behaviour:  they  do  not  mate,  eat  fewer  aphids  and 
become  hyperactive.  Infection  ultimately  results  in 
paralysis  and  death  of  the  host  within  about  1 7 
days,  after  which  the  worm  exits. 


8.4.3  Fungal  pathogens 

8.4.3. 1 Hypocreales  (Ascomycota) 

Fungal  pathogens  of  the  order  Hypocreales  are  widely 
regarded  as  important  natural  enemies  of  coccinellids, 
but  their  role  in  regulating  coccinellid  populations  is 
poorly  understood  (Majerus  1994,  Ceryngier  & Hodek 
1996,  Roy  & Cottrell  2008).  Most  research  on  the 
interactions  between  pathogenic  hypocrealean  fungi 
and  coccinellids  has  focused  on  the  impacts  of  fungal- 
based  biorational  pesticides  on  non-target  insects  such 
as  coccinellids  (James  et  al.  1995,  Roy  & Pell  2000, 
Riddick  et  al.  2009).  There  is  little  information  on  the 
interactions  of  coccinellids  with  naturally  occurring 
fungal  pathogens  (Ceryngier  2000,  Roy  & Cottrell 
2008,  Riddick  et  al.  2009.  Roy  et  al.  2009,  Steenberg 
& Harding  2009,  2010),  even  though  fungi,  such  as 


Beauveria  hassiana,  are  reported  as  major  mortality 
factors  of  coccinellids  particularly  during  overwinter- 
ing (Iperti  1966,  Ceryngier  & Hodek  1996,  Barron  & 
Wilson  1998,  Ormond  et  al.  2006). 

There  are  several  hypocrealean  fungi  that  have  been 
found  infecting  ladybirds:  B.  bassiana  (James  et  al. 
1995,  Ceryngier  2000,  Cottrell  & Shapiro-Ilan  2003, 
Roy  et  al.  2008,  Steenberg  & Harding  2009), 
Metarhizium  anisopliae  (Ginsberg  et  al.  2002),  Isaria 
farinosa  (syn.  Paecilomyces  farinosus)  (Ceryngier  & 
Hodek  1996,  Ceryngier  2000,  Steenberg  & Harding 
2009),  I.  fumosorosea  (syn.  P.  fumosoroseus)  (Ceryngier 
& Hodek  1996)  and  Lecanicillium  (syn.  Verticilliwn) 
lecanii  (Ceryngier  2000,  Steenberg  & Harding 
2009). 

Beauveria 

The  most  well  studied  genus  of  hypocrealean  fungi 
infecting  coccinellids  is  Beauveria  (Roy  & Cottrell 
2008),  and  the  phytogeny  and  corresponding  taxon- 
omy of  this  single  genus  is  undergoing  major  review 
(Rehner  & Buckley  2005,  Rehner  et  al.  2006).  It  is  now 
thought  appropriate  to  consider  B.  hassiana  in  the 
broadest  sense  as  B.  bassiana  sensu  lato  because  recog- 
nition and  identification  of  B.  hassiana  as  a distinct 
species  has  not  been  possible  (Rehner  & Buckley  2005). 
Indeed,  B.  bassiana  s.l.  appears  to  exist  as  non- 
monophyletic  morphospecies  and  currently  it  is  diffi- 
cult to  resolve  separate  species  with  certainty  (Rehner 
& Buckley  2005,  Ormond  et  al.  2010).  It  is  important 
to  keep  in  mind  that  the  species  reported  as  B.  bassiana 
is  likely  to  be  one  of  many  from  within  the  species 
complex  B.  bassiana  s.l. 

Life  cycle 

The  general  life  cycles  of  hypocrealean  entomopatho- 
gens  are  remarkably  similar  despite  their  taxonomic 
diversity  (Roy  et  al.  2006).  They  produce  infective 
spores  (conidia)  that  attach,  germinate  and  penetrate 
directly  through  the  host  cuticle.  So,  unlike  viral  and 
bacterial  pathogens,  there  is  no  requirement  for  inges- 
tion of  fungal  spores.  Once  within  the  host,  they  pro- 
liferate as  protoplasts,  blastospores  and  hyphal  bodies 
utilizing  the  host  as  a nutritional  resource.  Ultimately, 
the  host  is  killed,  and  the  fungus  produces  infective 
conidia  for  further  transmission,  or  resting  structures, 
such  as  sexual  or  asexual  resting  spores,  chlamy- 
dospores  or  mummified  hosts,  for  survival  in  the 
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absence  of  new  hosts  or  under  adverse  environmental 
conditions.  The  life  cycles  of  hypocrealean  fungi  are 
hemibiotrophic,  i.e.  they  switch  from  a parasitic,  bio- 
trophic  phase  in  the  haemocoel  to  a saprophytic  phase 
colonizing  the  body  after  death. 

Fungal  activity  is  strongly  influenced  by  abiotic  and 
biotic  conditions:  high  humidity  (in  excess  of  95%)  is 
required  for  conidium  germination,  infection,  and 
sporulation,  and  the  speed  of  kill  is  influenced  by  tem- 
perature (Vega  et  al.  2009),  Fungal  species  exhibit  a 
spectrum  of  adaptations  that  reflect  the  need  to  over- 
come environmental  limitations  and  the  host’s  defences 
(Roy  et  al.  2006,  Ormond  et  al.  2010). 

Prevalence  of  infection 

Kuznetsov  (1997)  reviewed  research  on  natural 
enemies  attacking  coccinellids  in  the  Primorsky  Terri- 
tory of  Russia  (Far  East  Siberia)  and  summarized  that 
the  population  dynamics  of  coccinellids  in  that  terri- 
tory are  not  significantly  influenced  by  entomopatho- 
gens.  Henosepilachna  vigintioctomaculata,  a serious 
pest  of  potato  in  the  Primorsky  Territory,  was  found 
infected  by  Beauveria  species  at  frequencies  of  about 
5,5-7%,  Other  coccinellids  found  in  this  territory 
infected  by  Beauveria  species  included  C.  septempunc- 
tata,  Har.  axyridis,  Calvia  quatuordecimguttata  and  Hip. 
tredecimpunctata. 

Cottrell  and  Shapiro-Ilan  (2003)  took  field-collected 
adults  of  Olla  v-nigrum  and  Har.  axyridis  to  the  labora- 
tory during  autumn  months,  and  found  that  33%  of 
the  total  mortality  in  the  September  sample  and  81% 
in  the  October  sample  of  0.  v-nigrum  could  be  attrib- 
uted to  infection  by  B.  hassiana.  No  infection,  however, 
was  found  in  analogous  samples  of  Har.  axyridis. 

Sublethal  effects 

Sublethal  effects  of  hypocrealean  pathogens  on  host 
insects  are  varied  (Roy  et  al.  2006).  There  has  been 
limited  research  on  the  premortality  effects  of  these 
pathogens  on  coccinellids.  Poprawski  et  al.  (1998) 
found  that  moribund  Serangium  parcesetosum  larvae 
infected  with  B.  bassiana  were  less  voracious  than  unin- 
fected larvae,  but  they  did  not  detect  sublethal  effects 
of  either  B.  bassiana  or  I.  fumosorosea  on  development 
of  this  predator.  Roy  et  al.  (2008)  measured  mortal- 
ity of  C.  septempunctata,  Har.  axyridis  (populations  from 
Japan  and  Britain)  and  A.  bipunctata  and  fecundity  of 
the  two  latter  species  when  exposed  to  B.  bassiana. 
Mortality  of  both  C.  septempunctata  and  A.  bipunctata 


was  higher  relative  to  the  Japanese  and  British  popula- 
tions of  Har.  axyridis  but  an  impact  of  B.  bassiana  on 
Har  axyridis  (in  Britain)  was  detected  via  reduced 
fecundity  at  all  B.  bassiana  doses  tested  (10^,  10^  and 
10’  conidia/ml). 

8.4.3. 2 Hesperomyces  spp.  (Ascomycota: 
Laboulbeniales,  Laboulbeniaceae) 

Laboulbeniales  are  obligate  ectoparasites  that  infect 
many  insect  and  non-insect  hosts,  but  especially  Cole- 
optera  (Weir  & Hammond  1997),  They  occur  from  the 
tropics  to  the  temperate  and  polar  regions  on  both  ter- 
restrial and  aquatic  hosts  (Weir  2002,  Harwood  et  al. 

2006) .  Coccinellids  are  infected  by  several  species  of 
the  genus  Hesperomyces  (Table  8.15:  Fig.  8.9). 

Most  Laboulbeniales  do  not  penetrate  the  insect 
cuticle,  but  Hesperomyces  virescens  (the  most  com- 
monly reported  laboulbenialean  on  coccinellids)  exhib- 
its rhizoidal  penetration  into  the  host  body  by 
production  of  a circular  appressorium,  which  attaches 
and  penetrates  the  host  cuticle  (Weir  & Beakes 
1996), 

In  general,  laboulbenialean  fungi  do  not  directly 
cause  mortality  of  their  hosts  (Weir  & Beakes  1996), 
but  a few  negative  fitness  effects  have  been  docu- 
mented including  reduced  longevity  of  Chil.  bipustula- 
tus  in  Israel  (Kamburov  et  al.  1967).  Heavy  infections 
can  supposedly  impede  flight,  mating,  foraging  and 
feeding  but  this  requires  further  investigation  (Nalepa 
& Weir  2007), 

Hesperomyces  virescens  is  often  on  the  ventroposte- 
rior  of  males  and  the  dorsoposterior  of  females:  a 
sexual  dimorphism  that  reflects  the  major  transmis- 
sion mechanism  which  is  thought  to  be  direct  contact 
during  mating  (Weir  & Beakes  1996,  Welch  et  al. 
2001,  Riddick  & Schaefer  2005),  However,  the  distri- 
bution of  H.  virescens  thalli  on  aggregating  beetles  are 
not  explained  by  sexual  transmission  (Riddick  & 
Schaefer  2005,  Riddick  2006,  Nalepa  & Weir  2007): 
fungal  thalli  on  overwintering  Har  axyridis  are  located 
on  the  anterior  part  of  the  body  which  accords  with 
direct  contact  through  aggregation  (Nalepa  & Weir 

2007) ,  A similar  pattern  was  reported  for  overwinter- 
ing A.  bipunctata  which  had  fungal  thalli  distributed  at 
the  margins  and  front  angles  of  the  elytra  (Weir  & 
Beakes  1996),  Nalepa  & Weir  (2007)  conclude  that 
transmission  of  this  fungus  is  through  contact  with 
conspeciflcs:  sexual  contact  is  of  primary  importance 
in  the  mating  season  but  aggregation  in  winter  also 
plays  a significant  role. 


Table  8.15  Host  and  distribution  records  of  Hesperomyces  species  parasitizing  Coccinellidae. 


Hesperomyces 

species 

Host 

Distribution 

Reference 

chilomenis 

Cheilomenes  lunata 

Kenya 

Thaxter  (1931) 

coccinelloides 

Diomus  seminulus 

Brazii 

Rossi  & Bergonzo  (2008) 

Diomus  sp. 

Ecuador 

Castro  & Rossi  (2008) 

Scymnus  tardus 

Panama 

Thaxter  (1931) 

Scymnus  sp. 

Spain 

Santamaria  (1 995) 

Stethorus  pusillus 

Belgium 

De  Kesel  (2011) 

undet.  Coccineliidae 

USA 

Benjamin  (1989)  (cited  in  Castro  & Rossi 

2008) 

undet.  Scymninae 

Grenada 

Thaxter  (1931) 

undet.  Scymninae 

Jamaica 

Thaxter  (1931) 

undet.  Scymninae 

Phiiippines 

Thaxter  (1931) 

undet.  Scymninae 

Borneo 

Thaxter  (1931) 

hyperaspidis 

Hyperaspis  sp. 

Trinidad 

Thaxter  (1931) 

virescens 

Adalia  bipunctata 

Engiand 

Weir  & Beakes  (1996) 

Austria 

Christian  (2001) 

France 

Webberiey  et  ai.  (2006b) 

Germany 

Webberiey  et  ai.  (2006b) 

itaiy 

Webberiey  et  ai.  (2006b) 

Sweden 

Webberiey  et  al.  (2006b) 

The 

Webberiey  et  al.  (2006b) 

Netheriands 

Adalia  decempunctata  - 

itaiy 

Castaldo  et  al.  (2004) 

Adalia  sp. 

Belgium 

A.  De  Kesel,  unpublished 

Brachiacantha  quadripunctata 

USA 

Flarwood  et  ai.  (2006a) 

Chilocorus  bipustulatus 

israei 

Kamburov  et  ai.  (1967) 

Chilocorus  renipustulatus 

Engiand 

Hubbie  (2011) 

Chilocorus  stigma 

USA 

Thaxter  (1931) 

Coccineila  septempunctata 

USA 

Flarwood  et  ai.  (2006b) 

Coccinula  crotch! 

Japan 

M.  E.  N.  Majerus  & R.  L.  Ware,  unpubiished 

Coccinula 

Greece 

Castaido  et  ai.  (2004) 

quatuordecimpustulata 
Coccinula  sinensis 

Japan 

M.  E.  N.  Majerus  & R.  L.  Ware,  unpubiished 

Cycloneda  munda 

USA 

Flarwood  et  al.  (2006b) 

Cycloneda  sanguinea 

? England* 

Tavares  (1979) 

Eriopis  connexa 

Argentina 

Thaxter  (1931) 

Harmonia  axyridis 

USA 

Garces  & Williams  (2004) 

Germany 

Steenberg  & Flarding  (2010),  K. 

Twardowska,  unpubiished 

Belgium 

De  Kesei  (2011) 

The 

De  Kesei  (2011) 

Netheriands 

Hippodamia  convergens 

USA 

Thaxter  (1931) 

Olla  v-nigrum 

Fiji 

USA 

Weir  & Beakes  (1996) 
Roy  & Cottreii  (2008) 

Propyiea 

Spain 

Santamaria  (2003) 

quatuordecimpunctata 
Psyllobora  sp. 

France 

Tavares  (1985) 

Psyllobora  vigintiduopunctata 

Spain 

Santamaria  (2003) 

Belgium 

De  Kesei  (2011) 

Psyllobora  vigintimaculata 

USA 

Flarwood  et  al.  (2006) 

Tytthaspis  sedecimpunctata 

Greece 

Castaldo  et  al.  (2004) 

*The  reported  locality  (Rustington,  England)  is  either  erroneous  or  concerns  iaboratory  culture  of  the  host  native  to 
Americas. 
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Figure  8.9  Thalli  of  Hesperomyces  coccinelloides  on  the 
elytra  of  Stethorus  pusillus  (photo  courtesy  of  Johan 
Bogaert).  (See  colour  plate.) 


Prevalence  of  infection 

Harwood  et  al.  (2006a)  examined  the  prevalence  of  H. 
virescens  on  cocclnellids  in  Kentucky,  USA.  and  found 
that  82.3%  of  Har.  axyridis  were  infected  compared 
with  only  4.7.  4.2  and  2.5%  of  Psyllohora  vigintimacu- 
lata,  Brachiacantha  quadripunctata  and  Cycloneda  munda, 
respectively.  This  ectoparasitic  fungus  was  not  recov- 
ered from  Col.  maculata  or  Hypemspis  signata.  In 
Georgia,  USA,  the  prevalence  of  natural  H.  virescens 
infection  of  0.  v-nigrum  is  similar  as  of  Har.  axyridis  in 
Kentucky  (T.  Cottrell,  unpublished  data  reported  in 
Roy  & Cottrell  2008). 

The  prevalence  of  infection  of  H.  virescens  on  A. 
hipunctata  in  London  was  higher  at  the  centre  of  the 
city  than  at  the  periphery  and,  indeed,  infection  was 
rare  or  absent  outside  the  city  (Welch  et  al.  2001).  This 
variation  in  prevalence  over  such  a short  distance  (less 
than  25  km)  is  unusual,  but  indicates  an  association 
between  urbanization  and  disease  dynamics.  It  is 
thought  that  the  prevalence  of  the  fungus  is  linked  to 
elevated  urban  temperatures  which  increase  the  prob- 
ability of  generations  of  the  host  overlapping  and  con- 
sequent interbreeding  between  cohorts. 

8. 4. 3. 3 Nosematidae  (Microsporidia) 

Until  recently,  microsporidia  have  been  grouped  with 
the  protozoa  but  recent  molecular  evidence  suggests 
that  they  should  be  placed  within  the  fungal  kingdom 


(e.g.  Lee  et  al.  2008).  They  are  intracellular  pathogens 
with  fascinating  but  complex  life  cycles. 

Life  cycle 

Each  microsporidial  spore  comprises  a long,  coiled  tube 
called  the  polar  filament.  Once  a spore  is  in  the  host, 
the  polar  filament  is  extruded  and  acts  as  a needle 
injecting  the  spore  contents  into  the  host  cell  to  begin 
infection.  Once  inside  the  appropriate  host  cell,  the 
intracellular  stage  (schizont)  proliferates  asexually  and 
then  undergoes  an  autogamous  sexual  process  produc- 
ing sporonts.  In  the  genus  Nosema,  each  sporont  gives 
rise  to  one  spore  (Ceryngier  & Hodek  1996).  Trans- 
mission between  hosts  is  dependent  on  the  release  of 
spores  into  the  environment  and  ingestion  by  a suitable 
host.  Microsporidian  species  are  often  highly  specific 
not  just  to  host  species  but  to  specific  tissues  within  the 
host  such  as  the  fat  body  midgut  wall  or  the  reproduc- 
tive tissues.  Infections  by  most  microsporidia  result  in 
chronic  diseases  and  often  the  host  can  appear  asymp- 
tomatic, although  body  size,  longevity  and  fecundity 
are  often  reduced  and  development  time  increased 
(Hajek  2004).  These  pathogens  are  often  vertically 
transmitted  from  mother  to  egg,  a strategy  that  enables 
microsporidia  to  persist  in  low  density  or  scattered  host 
populations.  Some  microsporidia  are  vectored  by  para- 
sitoids  to  other  insects.  There  are  only  a few  studies 
examining  the  interactions  between  nosematid  micro- 
sporidia and  coccinellid  hosts.  There  are  undoubtedly 
many  more  examples  yet  to  be  revealed. 

T^osematid  species  infecting  Coccinellidae 

Brooks  et  al.  (1980)  found  two  microsporidia,  subse- 
quently described  as  Nosema  epilacimae  and  Nosema 
varivestis  (Brooks  et  al.  1985),  to  infect  nearly  100%  of 
laboratory  colonies  of  E.  varivestris.  Unusually  for  a 
microsporidial  infection,  the  pathogens  decimated 
these  colonies.  Further  investigations  revealed  both 
pathogens  in  field  populations  of  E.  varivestis  in  North 
and  South  Carolina,  USA,  with  up  to  28%  infection 
rates  by  the  more  virulent  N.  epilacimae,  and  a few  per 
cent  rates  by  the  less  virulent  N.  varivestis.  The  two 
Nosema  species  were  mechanically  transmitted  between 
infected  and  uninfected  hosts  by  the  parasitoid  P.  foveo- 
latus.  This  parasitoid  is  highly  susceptible  to  both  N. 
epilacimae  and  N.  varivestis  and  so  represents  a shared 
host  (Brooks  et  al.  1980). 

Another  Nosema  species,  N.  henosepilachnae,  has 
been  found  infecting  various  tissues  of  Henosepilachna 
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elaterii  in  Senegal.  This  microsporidiosis  is  not  directly 
lethal,  but  reduces  fecundity  in  adult  hosts  (Toguebaye 
& Marchand  1984). 

There  have  been  three  T^osema  species  identified  from 
predatory  coccinellids.  Nosema  tracheophila  was  found 
in  the  tracheal  epithelium  and  connective  tissues  of  C. 
septempunctata  (Cali  & Briggs  1967)  and  Noserna  coc- 
cinellae  in  the  midgut  epithelium,  Malpighian  tubules, 
gonads,  nervous  and  muscle  tissues  of  C.  septempunc- 
tata, Hip.  trededmpimctata  and  Myrrha  octodecimguttata 
(Lipa  1968a),  Nosema  hippodamiae  was  identified  from 
the  midguts  and  fat  bodies  of  Hip.  convergens  in  1959 
(Lipa  & Steinhaus  1959)  and,  just  after  a decade  later, 
microsporidial  spores  resembling  N.  hippodamiae  were 
observed  in  the  fat  body,  muscle,  gut,  Malpighian 
tubules  and  testes  of  50%  of  the  Hip.  convergens  (Sluss 
1968),  Interestingly,  Sluss  (1968)  noted  that  this 
microsporidium  prevented  development  of  Hip.  conver- 
gens parasitoid.  Dinocampus  coccinellae. 

Recently,  an  unidentified  nosematid  pathogen  of 
Hip.  convergens  was  reported  by  Bjornson  and  co- 
authors (Saito  & Bjornson  2006,  2008,  Joudrey  & 
Bjornson  2007,  Bjornson  2008).  After  ultrastructure 
and  molecular  examination,  it  was  described  as  a new 
species,  Tubulinosema  hippodamiae  (Bjornson  et  al, 
2011).  However,  it  is  currently  unknown  as  to  whether 
T.  hippodamiae  actually  represents  a new  species  or  is 
one  of  the  coccinellid  pathogens  already  described 
under  the  genus  Nosema.  To  check  this,  molecular 
characterization  of  type  specimens  of  N.  hippodamiae, 
N.  coccinellae  and  N.  tracheophila  should  be  made 
(Bjornson  et  al.  2011). 

Bjornson  (2008)  noted  rather  low  prevalence  of 
infection  of  Hip.  convergens  with  T.  hippodamiae;  only 
1%  of  individuals  collected  in  the  winter  from  the  field 
for  commercial  retail  were  infected.  Infection  of  Hip. 
convergens  by  this  species  has  been  shown  to  increase 
development  time  and  reduce  longevity  and  female 
fecundity  (Joudrey  & Bjornson  2007).  Saito  & Bjornson 
(2006)  demonstrated  the  efficacy  of  horizontal  trans- 
mission of  the  microsporidium  from  Hip.  convergens  to 
larval  C.  septempunctata,  C.  trifasciata  perplexa  and  Har. 
axyridis  when  these  larvae  consumed  infected  eggs  in 
the  laboratory.  Indeed,  the  microsporidium  was  trans- 
mitted with  100%  efficiency  when  first  instar  larvae 
were  fed  infected  eggs,  and,  in  all  cases,  larval  develop- 
ment was  significantly  longer  for  microsporidia- 
infected  individuals  than  for  uninfected  individuals, 
but  the  microsporidium  had  no  effect  on  larval  mortal- 
ity (Saito  & Bjornson  2008).  Therefore,  the  practice 


of  redistributing  Hip.  convergens  from  overwintering 
locations  to  agricultural  ecosystems  could  facilitate  the 
dispersal  of  microsporidia  to  other  coccinellids.  Labo- 
ratory studies  demonstrated  that  invasive  non-native 
species  of  coccinellid,  such  as  Har  axyridis,  were  less 
susceptible  to  infection  by  T.  hippodamiae  than  native 
species  (Saito  & Bjornson  2006,  2008):  infection  was 
as  heavy  in  C.  trifasciata  perplexa  (a  native  coccinellid) 
as  it  was  in  Hip.  convergens  (original  host),  but  lighter 
in  the  introduced  species  C.  septempunctata  and  Har. 
axyridis. 

8.4.4  Protozoan  pathogens 

8.4.4. 1 Septate  eugregarines  (Apicomplexa: 
Eugregarinida:  Septatorina) 

Eugregarines  are  large  unicellular  organisms  (some- 
times more  than  0.5  mm  in  length)  that  inhabit  alimen- 
tary canals,  coelomic  spaces  or  reproductive  vesicles 
of  many  invertebrates  (Rueckert  & Leander  2008), 
Several  species  of  the  eugregarine  suborder  Septato- 
rina have  been  reported  to  inhabit  intestines  of  lady- 
birds (Table  8.16).  Most  of  them  have  been  placed  in 
the  genus  Gregarina  of  the  family  Gregarinidae. 
However,  recent  studies  by  Clopton  (2009)  showed 
polyphyly  of  both  Gregarinidae  and  Gregarina,  and 
thus  both  are  likely  to  be  split  in  the  near  future. 

Life  cycle 

The  direct  transmission  of  gregarines  usually  takes 
place  by  the  host  orally  ingesting  oocysts.  Eight  sporo- 
zoites emerge  from  each  oocyst,  and.  using  their  apical 
complexes,  attach  to  or  invade  the  epithelial  cells  of  the 
host.  The  sporozoites  begin  to  feed  and  develop  into 
larger  trophozoites  that  subsequently  detach  from  the 
epithelial  cells  and  live  freely  in  the  lumen  of  the  host’s 
gut.  Two  mature  trophozoites  pair  up  in  a process 
called  syzygy  and  develop  into  gamonts.  A gametocyst 
wall  forms  around  each  pair  of  gamonts  and  the 
gamonts  begin  to  divide  to  produce  hundreds  of 
gametes  through  a process  called  gametogony.  Gamete 
pairs  fuse,  form  zygotes  and  become  surrounded  by  an 
oocyst  wall.  The  process  of  sporogony,  involving 
meiotic  and  mitotic  divisions  within  the  oocyst,  yields 
eight  spindle-shaped  sporozoites.  Hundreds  of  oocysts 
are  formed  within  each  gametocyst  and  these  are 
released  in  host  faeces  (Watson  1915,  Leander  et  al. 
2006.  Rueckert  & Leander  2008). 


Table  8.16  Eugregarines  reported  from  ladybird  hosts  (the  numbers  in  brackets  apply  to  references  listed  below  the  table). 


Eugregarine 

Host  / region 

Brustiophoridae 

Brustiospora  indicola 
Gregarinidae 
Anisolobus  indicus 
Gregarina  barbarara 

Stethorus  sp.  / india  (8) 

Coccinella  septempunctata  / India  (5) 

Adalia  bipunctata  / New  York,  USA  (20),  Germany  (4) 
Coccinella  sp.  / New  York,  USA  (22) 

Coccinella  trifasciata  / Caiifornia,  USA  (11) 
Exochomus  quadripustulatus  / Siiesia,  Poiand  (3)* 
Hippodamia  convergens  / Caiifornia,  USA  (11) 
Hippodamia  sinuata  / Caiifornia,  USA  (11) 

Tytthaspis  sedecimpunctata  / Siiesia,  Poland  (3)* 

Gregarina  californica 
Gregarina  chilocori 
Gregarina  coccinellae 

Coccinella  californica  / California,  USA  (1 1) 

Chilocorus  rubidus  / Japan  (1 6) 

Coccinella  quinquepunctata  / St  Petersburg  region,  Russia  (12) 
Coccinella  septempunctata  / Poland  (1 0) 

Exochomus  quadripustulatus  / Poland  (13) 

Harmonia  quadripunctata  / Poland  (1 3) 

Hippodamia  tredecimpunctata  / Poland  (1 0) 

Myrrha  octodecimguttata  / St  Petersburg  region,  Russia  (11),  Poland  (13) 

Gregarina  dasguptai 
Gregarina  fragilis 

Coccinella  septempunctata  / India  (14) 
Coccinella  sp.  / Illinois,  USA  (22) 
Coccinella  trifasciata  / USA,  California  (11) 

Gregarina  hyashii 
Gregarina  katherina 

Coccinella  leonina  transversalis  / India  (18) 

Aiolocaria  hexaspilota  / Japan  (21) 

Ceratomegilla  undecimnotata  / Slovakia  (1 5) 

Coccinella  californica  / California,  USA  (1 1) 

Coccinella  novemnotata  / New  York,  USA  (22) 

Coccinella  septempunctata  / Silesia,  Poland  (3)t,  Slovakia  (15) 
Coccinella  septempunctata  brucki  / Japan  (21) 

Coccinella  trifasciata  / California,  USA  (11) 

Coccinula  quatuordecimpustulata  / Silesia,  Poland  (3)t 
Pharoscymnus  anchorage  / Mauretania  (9) 

Gregarina  ruszkowskii 

Adalia  bipunctata  / Poland  (13) 

Coccinella  quinquepunctata  / Poland  (1 0) 
Coccinella  septempunctata  / Poland  (1 0) 
Exochomus  quadripustulatus  / Poland  (13) 

Gregarina  straeleni 
Undetermined  eugregarines 

Epilachna  spp.  / DR  Congo  (20) 

Adalia  bipunctata  / Nova  Scotia,  Canada  (1 7)+ 

Adalia  decempunctata  / France  (7) 

Coccinella  septempunctata  / France  (7) 

Henosepilachna  pustulosa/  Japan  (6) 

Hippodamia  convergens  / California,  USA  (1)* 
Hippodamia  variegata  / France  (7) 

Oenopia  conglobata  / France  (7) 

Propylea  quatuordecimpunctata  / France  (7) 

Scymnus  apetzi  / France  (19) 

Scymnus  (Pullus)  impexus  / Switzerland  and  Germany  (2) 

‘According  to  (10),  this  record  concerns  G.  coccinellae. 

^According  to  (10),  this  record  concerns  G.  ruszkowskii. 

*Possibiy  three  different  gregarine  species. 

References:  1 , Bjornson  (2008);  2,  Deiucchi  (1954);  3,  Foerster  (1938);  4,  Geus  (1969);  5,  Haidar  et  ai.  (1988);  6,  Hoshide 
(1980);  7,  iperti  (1964);  8,  Kundu  & Haidar  (1981);  9,  Laudeho  et  ai.  (1969);  10,  Lipa  (1967);  11,  Lipa  (1968b);  12,  Lipa  & 
Semyanov  (1967);  13,  Lipa  et  ai.  (1975);  14,  Mandai  et  ai.  (1986);  15,  Matis  & Vaiigurova  (2000);  16,  Obata  (1953),  cited 
in  Laudeho  et  ai.  1969;  17,  Saito  & Bjornson  (2008);  18,  Sengupta  & Haidar  (1996);  19,  Sezer  (1969),  cited  in  Laudeho 
et  ai.  1969;  20,  Theodorides  & Joiivet  (1959),  cited  in  Laudeho  et  ai.  1969;  21,  Tsugawa  (1951);  22,  Watson  (1915);  23, 
Watson  (1916). 
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Prevalence 

Gregarine  diseases  seem  to  be  more  common  in  regions 
with  warm  climates  than  in  colder  ones.  The  preva- 
lence of  Gregarina  katherina  in  coccinellids  occupying 
palm  groves  in  Mauretania  was  high:  the  proportion  of 
infected  adult  Pharoscgmnus  anchorago  fluctuated 
between  50  and  100%  during  the  year,  and  two  intro- 
duced coccinellids  {Chil.  bipustulatus  and  Chil.  stigma) 
were  infected  to  a similarly  high  degree.  No  eugre- 
garines,  however,  were  found  in  Chil.  distigma  (Laudeho 
et  al.  1 969).  Iperti  (1964)  reported  that  five  aphidopha- 
gous  coccinellids  in  southeastern  France  harboured 
eugregarines,  and  one  of  them,  P.  quatuordecimpunc- 
tata,  at  a prevalence  of  about  10%.  Lipa  and  Semyanov 
(1967)  observed  only  a few  per  cent  of  C.  quinquepunc- 
tata  and  Myrrha  octodecimguttata  infected  by  G.  coccinel- 
lae  in  the  St  Petersburg  region  of  Russia.  Similarly  low 
prevalences  of  G.  coccinellae  and  G.  mszkowskii  were 
recorded  in  four  ladybird  species  in  Poland  (Lipa  et  al. 
1975).  Bjornson  (2008)  has  examined  the  prevalence 
of  eugregarines  in  commercially  available  Hip.  conver- 
gens  that  were  collected  from  their  overwintering  sites 
in  California.  Although  only  0.2%  of  the  beeetles  were 
found  to  be  infected,  the  eugregarines  involved  proba- 
bly belonged  to  three  different  species,  and  none  of 
them  were  similar  in  size  to  Gregarina  barbarara,  the 
only  eugregarine  reported  from  Hip.  convergens. 

Effects  on  hosts 

Eugregarines  developing  in  Coccinellidae  are  consid- 
ered to  be  weak  pathogens  that  destroy  intestinal  cells 
in  coccinellid  larvae  and  adults  and  derive  nourish- 
ment from  their  digestive  tracts  (Ceryngier  & Hodek 
1996).  However,  Laudeho  et  al.  (1969)  reported  that 
gregarine  infection  could  cause  reduced  fecundity  and 
longevity  of  P.  anchorago  and,  in  heavily  infected  indi- 
viduals, the  gametocysts  could  even  cause  death  by 
blocking  the  intestinal  tract. 

8.4.5  Bacteria 

8.4.5. 1 General  pathogenic  bacteria 

With  the  exception  of  one  group  of  bacteria  with  a 
particularly  interesting  life  cycle,  rather  little  is  known 
about  the  bacterial  diseases  of  coccinellids.  Those  with 
experience  of  culturing  coccinellids  in  the  laboratory 
may  have  observed  mortality  in  stocks  that  are  not 
hygienically  maintained,  with  larvae  showing  symp- 


toms of  enteric  disease  characteristic  of  bacterial  or 
viral  infections  of  the  gut.  However,  there  are  only  a 
few  empirical  studies  of  bacterial  pathogens  in  coc- 
cinellids, and  little  detail  on  effects  in  natural  popu- 
lations. In  the  quest  to  find  biological  methods  of 
controlling  some  phytophagous  Epilachninae,  which 
act  as  crop  pests,  a number  of  authors  have  found  evi- 
dence of  susceptibility  to  bacteria.  A Chinese  strain  of 
Bacillus  thuringiensis  was  found  to  be  harmful  to  larvae, 
but  not  adults,  of  Henosepilachna  vigintioctomaculata 
(Ping  et  al.  2008);  and  Pena  et  al.  (2006)  reported 
insecticidal  activity  of  a Mexican  strain  of  B.  thuring- 
iensis against  E.  varivestis.  Otsu  et  al.  (2003)  found  that 
a chitinase  secreting  strain  of  the  bacterium  Alcaligenes 
paradoxus  inhibited  feeding  and  oviposition  by  H.  vigin- 
tioctopunctata  adults,  but  had  no  effects  on  longevity. 
Rather  less  is  known  of  the  effects  of  such  bacteria  on 
entomophagous  species,  although  Giroux  et  al.  (1994) 
found  no  lethal  effects  of  the  commercial  M-one  strain 
of  B.  thuringiensis  on  Col.  maculata  lengi. 

8. 4.5. 2 Male-killing  bacteria 

Most  studies  of  bacterial  infections  of  Coccinellidae 
concern  the  male-killing  bacteria  (Majerus  & Hurst 
1997).  The  first  observation  of  a female-biased  sex 
ratio  in  a coccinellid  was  reported  by  Lusis  ( 1 9 4 7) , who 
noted  that  some  female  A.  bipunctata  produced  only  or 
predominantly  female  progeny,  and  that  this  trait  was 
maternally  inherited.  Abnormal  sex  ratios’  were  also 
later  observed  in  Hat:  axyridis  (Matsuka  et  al.  1975) 
and  Menochilus  sexmaculatus  (Niijima  & Nakajima 
1981).  Hurst  et  al.  (1992)  reported  similar  findings 
from  a British  sample  of  A.  bipunctata,  and  postulated 
the  causative  agent  of  the  ‘sex  ratio’  trait  to  be  a cyto- 
plasmically  inherited  bacterium  which  kills  males, 
since  normal  sex  ratios  were  obtained  after  oral  admin- 
istration of  tetracycline  to  affected  females.  The  male- 
killing bacterium  was  later  identified  as  a Rickettsia 
(Werren  et  al.  1994). 

Diversity  of  male-killing  bacteria  in  the  Coccinellidae 

Since  this  first  discovery  in  A.  bipunctata,  male-killing 
bacteria  have  now  been  identified  in  1 3 other  coccinel- 
lid host  species,  and  are  suspected  to  occur  in  five 
others  (Table  8.17).  Bacteria  of  five  different  groups 
have  been  identified  as  male-killers  of  coccinellids 
{Rickettsia,  Wolbachia,  Spiroplasma,  Flavobacteria  and 
y-proteobacteria),  suggesting  that  male-killing  has 
evolved  independently  many  times.  Given  the  still  small 
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Table  8.17  Male-killing  bacteria  in  the  Coccinellidae  (adapted  from  Majerus  2006). 


Host  species 

Countries 

Agent 

Prevaience 

Evidence* 

References 

Adalia  bipunctata 

England, 

Scotland, 

Holland, 

Denmark, 

Luxembourg, 

Belgium, 

France, 

Germany, 

Poland, 

Russia, 

Kyrgyzstan, 

Norway 

Rickettsia 

0.01-0.23 

f-bsr,  ihr,  mi, 
as,  hs,  m, 
sDNA,  PCR 

Hurst  et  ai.  (1992, 
1999a);  Werren 
et  ai.  (1994); 
Majerus  et  ai. 
(2000b); 
Schuienburg 
(2000); 
Zakharov  & 
Shaikevich 
(2001);  Tinsiey 
(2003) 

Adalia  bipunctata 

Germany, 

Russia, 

Sweden 

Spiroplasma 
(Group  Vi) 

0.03-0.53 

f-bsr,  ihr,  mi, 
as,  hs,  m, 
sDNA,  PCR 

Hurst  et  ai. 

(1999a);  Majerus 
et  ai.  (2000b); 
Tinsiey  (2003) 

Adalia  bipunctata 

Russia, 

Sweden 

Two  strains  of 
Wolbachia 

0.02-0.1 

f-bsr,  ihr,  mi, 
as,  hs,  m, 
sDNA,  PCR 

Hurst  et  ai. 

(1999c);  Majerus 
et  ai.  (2000b) 

Adalia  decempunctata 

Germany, 

Engiand 

Rickettsia 

0.09 

f-bsr,  ihr,  mi, 
as,  hs,  m, 
sDNA,  PCR 

Schuienburg  et  al. 
(2001);  Majerus 
(2003) 

Anisosticta 

novemdecimpunctata 

England 

Spiroplasma 
(Group  Vi) 

0.31 

f-bsr,  ihr,  mi, 
as,  sDNA, 
PCR 

Tinsley  & Majerus 
(2006) 

Calvia 

quatuordecimguttata 

England, 

Canada 

Unknown 

<0.05 

f-bsr,  ihr,  mi 

Majerus  (2003) 

Coccidula  rufa 

Germany 

Rickettsia 

0.59 

f-bsr,  PCR 

Weinert  et  al. 
(2007) 

Coccidula  rufa 

Germany 

Wolbachia 

0.78 

f-bsr,  PCR 

Weinert  et  ai. 
(2007) 

Coccinella 

septempunctata 

England 

Germany 

Unknown 

<0.01 

f-bsr,  ihr 

J.  J.  Sioggett, 
unpubiished 

Coccinella 

septempunctata 

brucki 

Japan 

Unknown 

0.13 

f-bsr,  ihr,  mi 

M.  E.  N.  Majerus, 
unpubiished 

Coccinella 

undecimpunctata 

Egypt 

Wolbachia 

0.5 

f-bsr,  ihr,  mi, 
sDNA,  PCR 

Einagdy  (2008) 

Coccinula  crotchi 

Japan 

Fiavobacterium 

0.23 

f-bsr,  ihr,  mi, 
as,  sDNA, 
PCR 

M.  E.  N.  Majerus, 
unpubiished 

Coccinula  sinensis 

Japan 

Fiavobacterium 

0.23 

f-bsr,  ihr,  mi, 
as,  PCR 

Majerus  & Majerus 
(2000) 

Coleomegilla  maculata 

USA 

Fiavobacterium 

0.23 

f-bsr,  ihr,  mi, 
as,  sDNA, 
PCR 

Hurst  et  ai.  (1996, 
1997b) 

Harmonia  axyridis 

Japan,  Russia, 
South  Korea 

Spiroplasma 
(Group  Vi) 

0.02-0.86 

f-bsr,  ihr,  mi, 
as,  hs,  m, 
sDNA,  PCR 

Matsuka  et  ai. 
(1975);  Majerus 
et  ai.  (1998, 
1999);  Majerus 
(2001 , 2003) 
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Table  8.17  (Continued) 


Host  species 

Countries 

Agent 

Prevaience 

Evidence* 

References 

Harmonia 

quadripunctata 

France 

Flavobacterium 

0.11 

f-bsr,  Ihr,  mi, 
as,  sDNA, 
PCR 

M.  E.  N.  Majerus 
& M.  C.  Tinsley, 
unpublished 

Hippodamia 

quinquesignata 

USA 

Unknown 

Unknown 

f-bsr,  Ihr,  mi 

Shull  (1948) 

Hippodamia  variegata 

Turkey, 

England 

Flavobacterium 

0.07-0.13 

f-bsr,  Ihr,  mi, 
as,  sDNA, 
PCR 

Hurst  et  al. 
(1999b) 

Menochilus 

sexmaculatus 

Japan 

l^proteobacterium 

0.13 

f-bsr,  Ihr,  mi, 
as,  PCR 

Majerus  (2001 , 
2003) 

Mulsantina  picta 

USA 

Unknown 

Unknown 

f-bsr,  mi 

J.  J.  Sloggett, 
unpublished 

Propylea  japonica 

Japan 

Rickettsia 

0.07-0.26 

f-bsr,  Ihr,  mi, 
as,  PCR 

Majerus  (2001 , 
2003) 

Rhyzobius  litura 

Germany 

Rickettsia 

0.84 

f-bsr,  PCR 

Weinert  et  al. 
(2007) 

Rhyzobius  litura 

Germany 

Wolbachia 

0.89 

f-bsr,  PCR 

Weinert  et  al. 
(2007) 

‘Evidence  given  as:  f-bsr,  female  biased  sex  ratio;  Ihr,  low  egg  hatch  rate  in  infected  lines;  mi,  maternal  inheritance;  as, 
antibiotic  sensitive;  hs,  heat  sensitive;  m,  microscopy;  sDNA,  DNA  sequencing;  PCR,  detection  of  symbiont  using 
symbiont-specific  PCR  reaction. 


number  of  coccinellid  species  in  which  male-killing 
has  been  sought  and  identified,  it  is  unlikely  that  the 
full  taxonomic  diversity  of  male-killers  in  coccinellids 
has  yet  been  revealed  (Weinert  et  al.  2007). 

Evolutionary  rationale  of  male-killing  in 
the  Coccinellidae 

For  cytoplasmic  symbionts,  the  existence  within  a male 
is  an  evolutionary  ‘dead-end’,  since  there  is  no  oppor- 
tunity for  vertical  transmission  to  the  next  generation. 
Instead,  such  symbionts  may  increase  their  fitness 
indirectly  by  killing  male  hosts  and  in  doing  so  prefer- 
entially favour  female  hosts,  which  carry  clonally  iden- 
tical copies  of  themselves.  In  coccinellids,  this  is 
achieved  by  causing  death  early  in  male  embryonic 
development,  and  thereby  ‘reallocating’  resources  that 
would  have  been  used  by  males  to  their  female  siblings 
(Hurst  1991,  Majerus  2003).  Resource  reallocation 
in  coccinellids  comes  in  two  forms.  First,  infected 
females  suffer  less  from  competition  than  they  would 
when  growing  up  with  male  siblings.  In  addition,  upon 
hatching,  they  are  able  to  consume  the  dead  embryos 
of  their  brothers,  which  provide  a substantial  nutri- 
tional advantage. 


Majerus  and  Hurst  (1997)  identified  a number 
of  behavioural  and  ecological  properties  of  aphido- 
phagous  coccinellids  that  make  this  group  particu- 
larly prone  to  male-killer  infection.  First,  aphidophagous 
coccinellids  lay  their  eggs  in  clutches,  meaning  that  the 
likelihood  of  fitness  compensation  accruing  to  hosts 
harbouring  the  same  male-killer  is  high.  Secondly, 
populations  of  their  aphid  prey  are  highly  unstable  in 
space  and  time.  And  finally,  coccinellids  are  highly  can- 
nibalistic and  indulge  in  sibling  egg  consumption 
(Majerus  & Majerus  1997b).  Cannibalistic  behav- 
iour (5.2.8)  is  of  particular  relevance  in  male-killer 
infected  clutches,  in  which  half  of  the  eggs  will  fail  to 
develop  as  they  are  male.  Daughters  of  infected  females 
gain  a significant  survival  advantage  by  feeding  upon 
the  unused  soma  and  dead  embryos  of  their  brothers 
since,  on  average,  each  female  larva  has  one  dead  egg 
to  feed  on  before  dispersal  from  the  clutch  (Fig.  8.10), 
giving  significant  increase  in  larval  survival  time. 

Evolutionary  dynamics  of  male-killing 
in  the  Coccinellidae 

In  considering  the  dynamics  of  early  male-killers, 
Hurst  (1991)  and  Hurst  et  al.  (1997c)  showed  that 
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Figure  8.10  A clutch  of  Adalia  hipiinctata  eggs  and  young 
larvae  in  which  only  half  the  offspring  have  hatched,  due  to 
the  action  of  a male-killing  Rickettsia  (Photo:  Remy  Poland). 
(See  colour  plate.) 

three  parameters  affect  the  spread  of  a male-killer  in  a 
host  population.  These  are:  the  level  of  fitness  compen- 
sation accrued  to  infected  females  (to  offset  the  cost  of 
male  losses),  the  vertical  transmission  efficiency  of  the 
male-killer,  and  any  direct  cost  that  infection  imposes 
on  infected  females. 

In  coccinellids  fitness  compensation  results 
chiefly  from  resource  reallocation  to  sisters  through 
consumption  of  the  dead  males,  the  relative  level  of 
which  will  depend  largely  on  the  availability  of  prey. 
However,  the  vertical  transmission  efficiency  and  direct 
costs  of  male-killers  vary  as  a result  of  interactions 
between  different  male-killers  and  their  various  hosts. 
In  most  species,  vertical  transmission  is  not  100%. 
Values  obtained  from  laboratory  cultures  vary  from 
72%  for  a Rickettsia  from  a Russian  population  of  A. 
hipiinctata  (Majerus  et  al.  2000)  to  99.98%  for  a 
Spiroplasma  from  a Japanese  population  of  Hai:  axyridis 
(Majerus  et  al.  1999). 

The  cost  to  females  of  bearing  a male-killing 
bacterium,  in  addition  to  the  loss  of  male  progeny,  has 
been  assessed  in  five  species  of  coccinellid  (Matsuka  et 
al.  1975.Hurstetal.  1994.  Hurst  etal.  1999b.  Majerus 
2001).  Each  case  has  shown  some  negative  fitness 
effects,  such  as  decreased  oviposition  rates,  lower 
overall  fecundity,  higher  infertility  levels  or  shorter 
adult  life-span. 

Adalia  hipiinctata  is  a particularly  interesting  species 
in  which  to  study  male-killing,  as  it  has  been  shown  to 
be  host  to  four  different  male-killers  (a  Rickettsia,  two 


Wolhachias  and  a Spiroplasma),  with  all  four  occurring 
together  within  a single  sample  from  Moscow  (Majerus 
et  al.  2000).  Weinert  et  al.  (2007)  provide  evidence  for 
the  co-infection  of  German  Rhyzobiiis  litiira  and  Coc- 
cidula  rufa  populations  with  both  Rickettsia  and  Wol- 
hachia.  Theoretical  models  of  the  evolution  of 
male-killing  suggest  that  two  or  more  male-killers 
cannot  coexist  in  a single  host  population  at  equilib- 
rium, except  in  the  presence  of  male-killer  suppressors 
(Randerson  et  al.  2000). 

A recent  study  has  demonstrated  that  the  vertical 
transmission  of  a y-proteobacterium  to  Menochilus 
sexmaculatus  is  influenced  by  the  male:  the  prevalence 
of  the  male-killing  trait  varies  depending  on  the  male 
a female  has  mated  with  (Majerus  & Majerus  2010). 
Further  analysis  demonstrated  that  a single  dominant 
allele  (rescue  gene)  functions  to  rescue  male  progeny 
of  infected  females  from  the  male-killing  effects  of  this 
microbe  (Majerus  & Majerus  2010).  Furthermore, 
presence  of  the  rescue  gene  in  either  parent  does  not 
significantly  affect  the  inheritance  of  the  symbiont. 

Evolutionary  implications  of  male-killing 
in  the  Coccinellidae 

Male-killer  infection  can  have  significant  evolutionary 
implications  on  host  populations,  resulting  both  from 
the  presence  of  the  male-killer  itself,  and  the  female- 
biased  population  sex  ratios  that  it  produces.  Since 
both  male-killing  bacteria  and  host  mitochondria  are 
maternally  inherited,  an  invading  male-killer  will  be  in 
linkage  disequilibrium  with  the  mitotype  of  the  first 
host  that  it  invades.  Johnstone  & Hurst  (1996) 
described  how  the  invasion  of  a male-killer  can  cause 
mitotype  selective  sweeps  in  the  host  population.  This 
will  be  the  case  when  the  population  is  host  to  a single 
male-killer.  For  populations  co-infected  with  more 
than  one  male-killer,  mitochondrial  polymorphism 
would  be  expected.  Indeed,  Jiggins  & Tinsley  (2005) 
have  linked  an  ancient  mitochondrial  polymorphism 
in  A.  hipiinctata  to  the  presence  of  multiple  Rickettsia 
strains.  The  association  between  male-killers  and  host 
mitotypes  should  be  remembered  by  those  working  on 
coccinellid  population  genetics  and  phylogenetics, 
since  mtDNA  sequences  are  likely  to  show  significant 
deviations  from  neutrality  (Chapter  2). 

The  maternal  inheritance  of  male-killing  bacteria 
means  that  they  are  in  direct  conflict  with  the  rest  of 
the  host  genome.  Since  most  nuclear  genes  are  bipa- 
rentally  inherited,  they  will  be  under  selection  to  resist 
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Figure  8.11  Number  of  spermatophores  produced  per  copulation  by  male  Adalia  hipwictata  from  three  populations 
(Cambridge,  UK:  Ulan  Ude,  Russia;  and  St.  Petersburg,  Russia).  Male-killer  prevalences  (MK)  of  each  population  are  shown 
above.  Adapted  with  permission  from  Majerus  (2003). 


the  mortality  imposed  on  them  by  the  pathological 
action  of  the  male-killer.  This  intra-genomic  conflict 
may  lead  to  the  evolution  of  suppressor  systems  acting 
against  the  male-killer.  Majerus  (2003,  2006)  sug- 
gested that  suppression  may  be  achieved  by  killing  the 
male-killer  itself,  reducing  its  vertical  transmission  effi- 
ciency or  blocking  its  action.  Unpublished  data  reported 
in  Majerus  (2003)  indicated  the  presence  of  a male- 
killer  rescue  gene  in  M.  sexmaculatus  infected  with  a 
y-proteobacterium. 

ft  may  be  expected  that,  in  populations  that  have  a 
female-biased  operational  sex  ratio  due  to  the  presence 
of  a male-killer,  the  strength  of  selection  for  males  to 
compete  and  females  to  choose  will  be  reduced.  In  very 
strongly  female-biased  populations,  in  which  males 
rather  than  females  become  the  limiting  sex,  full  sex 
role  reversal  may  result.  Reduction  or  reversal  of 
sexual  selection  may  be  manifest  in  a number  of  ways. 
These  effects  have  been  most  comprehensively  studied 
in  the  Wfalbac/iia-infected  butterfly  Acraea  encedon 
(Jiggins  et  al.  1999),  and  limited  published  data  is 
available  for  coccinellids.  ffowever,  some  interesting 
effects  on  female  mating  preferences  have  been  docu- 
mented in  some  species.  Osawa  & Nishida  (1992) 
reported  varying  levels  of  female  choice  in  Japanese 
populations  of  Har.  axyridis,  and  it  has  been  suggested 
that  this  is  correlated  with  the  presence  of  male-killing 
Spiroplasma  (Majerus  2006). 


A female-bias  in  the  operational  sex  ratio  may  select 
for  males  to  invest  less  in  each  mating  than  they  would 
when  the  sexes  are  closer  to  parity.  This  has  been  dem- 
onstrated in  A.  hipwictata,  in  which  males  insert  vari- 
able numbers  of  spermatophores  during  copulation. 
Majerus  (2003)  found  that  males  from  a strongly 
female-biased  population  were  observed  to  pass  signifi- 
cantly fewer  spermatophores  per  copulation  than 
those  from  less  female-biased  populations  (Fig.  8.11). 

Finally,  female-biased  sex  ratios  can  affect  the  way  in 
which  sexually  transmitted  diseases  spread  through 
the  host  population.  Coccinellids  are  highly  promiscu- 
ous and  so  the  rate  of  spread  of  a sexually  transmitted 
disease  will  be  increased  in  populations  exhibiting  a 
sex  ratio  bias.  An  association  between  prevalence  of 
the  sexually  transmitted  mite  C.  hippodamiae  and 
male-killer  prevalence  has  been  documented  in  Scan- 
dinavian A.  bipunctata  populations  (Tinsley  2003). 
Further  investigation  into  the  association  between 
male-killer  infection  and  sexually  transmitted  diseases 
is  warranted. 


8.5  IMPACT  OF  NATURAL  ENEMIES 
ON  LADYBIRD  POPULATIONS 

In  the  last  part  of  the  chapter  we  discuss  the  role  of 
natural  enemies  in  influencing  numerical  changes  in 
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the  populations  of  phytophagous  and  predatory 
ladybirds. 

8.5.1  Impact  on  phytophagous 
Coccinellidae 

There  are  several  field  studies  investigating  the  causes 
of  mortality  of  juvenile  epilachnine  ladybirds  by 
means  of  life  table  construction  and  key  factor  analy- 
sis. Some  of  these  studies  were  performed  in  the  tropi- 
cal regions  of  Sumatra  (Indonesia)  (latitude  1°  S) 
(Abbas  & Nakamura  1985,  Nakamura  et  al.  1988, 
Inoue  et  al.  1993)  and  Ethiopia  (7°  N)  (Beyene  et  al. 
2007),  and  others  from  the  temperate  Japanese  islands 
Honshu  (35-36°  N)  (Nakamura  1976,  1987,  Naka- 
mura & Ohgushi  1981,  Shirai  1987,  1988)  and 
Hokkaido  (43°  N)  (Kimura  & Katakura  1986).  The 
most  striking  difference  between  the  mortality  factors 
affecting  tropical  and  temperate  epilachnines  concerns 
parasitoids.  Tropical  ladybirds  suffered  high  mortality 
from  egg  parasitoids  (Tetrastichinae  in  Sumatra  and 
Oomcyrtus  camewunensis  in  Ethiopia)  but  egg  parasi- 
toids were  entirely  absent  from  temperate  regions 
(Eig.  8.12a).  Similarly,  larval  and  pupal  parasitoids, 
although  present  in  tropical  and  temperate  zones, 
tended  to  exert  a much  stronger  effect  on  host 
populations  in  the  tropics  than  in  temperate  regions 
(Eig,  8,12  b,  c). 

Quantification  of  the  impact  of  predators  is  more 
difficult  than  that  of  parasitoids.  Two  phenomena, 
inter-  and  intraspecific  predation  (cannibalism),  are 
usually  indistinguishable  and  categories  such  as  ‘disap- 
pearance’ or  ‘unknown  causes'  are  frequently  found 
among  mortality  factors  in  the  life  tables.  In  Eig.  8 . 1 2d- 
f.  the  maximum  possible  rates  of  predation  on  tropical 
and  temperate  Epilachninae  are  juxtaposed.  In  calcu- 
lating these  rates,  we  combined  rates  of  intra-  and 
interspecific  predation,  and  assumed  that  every  indi- 
vidual that  ‘disappeared’  had  been  consumed.  Although 
differences  between  tropical  and  temperate  populations 
were  not  very  clear,  maximum  predation  rates  for  eggs 
and  larvae  of  temperate  ladybirds  tended  to  be  quite 
high  (Fig.  8.12d  and  e).  Indeed,  the  role  of  predators, 
especially  an  earwig,  Anechum  hannandi,  in  reducing 
the  numbers  of  eggs  and  larvae  of  Henosepilachna  spp. 
is  often  emphasized  in  Japanese  studies  (Nakamura  & 
Ohgushi  1981,  Nakamura  1983,  Kimura  & Katakura 
1986,  Ohgushi  1986,  Shirai  1987), 


Depletion  of  food  resources  due  to  feeding  of  epilach- 
nine larvae  is  often  reported  in  the  tropics  (Abbas  & 
Nakamura  1985,  Nakamura  et  al.  1988,  Inoue  et  al, 
1993),  but  also  in  temperate  regions  (Nakamura 
1976,  1983,  1987,  Kimura  & Katakura  1986),  indi- 
cating inability  of  natural  enemies  to  regulate  herbiv- 
ore populations  in  a density-dependent  manner. 
However,  in  temperate  latitudes  of  the  Russian  Far 
East  (44°  N),  Kovalenko  and  Kuznetsov  (2005)  found 
good  synchronization  between  population  dynamics 
of  H.  vigintioctomaculata  and  its  parasitoid,  N. 
aflssae,  hinting  at  a density-dependent  regulatory 
mechanism. 

A parasitoid,  P.  foveolatus,  used  in  classical  and  aug- 
mentative biological  control  programmes,  has  been 
found  to  provide  an  effective  suppression  of  the  popula- 
tions of  certain  noxious  Epilachninae  (8,3.2.9), 

Although  reported  mortality  of  adult  phytopha- 
gous CoccinelUdae  during  dormancy  may  exceed 
95%  (Nakamura  1983,  Inoue  et  al.  1993),  little  is 
known  about  the  factors  responsible  for  this 
mortality. 

8.5.2  Impact  on  predatory  Coccinellidae 

Japanese  studies  on  the  mortality  of  Aiolocaria  hexaspi- 
lota  (Matsura  1976)  and  Har.  axyridis  (Osawa  1992b, 
1993),  with  the  field  data  structured  in  the  form  of  life 
tables,  suggest  negligible  role  of  parasitoids  and  inter- 
specific predators  as  mortality  factors  of  these  lady- 
birds. The  most  important  impact  on  the  numbers  of 
immature  stages  of  both  species  was  cannibalism  of 
eggs  and  larvae,  and  prey  shortage  during  larval 
feeding.  Of  the  three  mentioned  papers,  only  one 
(Osawa  1993)  reported  any  effect  of  parasitoids. 
According  to  this  paper,  parasitism  of  Har.  axyridis 
pupae  by  Phalacrotophora  sp,  in  two  study  years 
accounted  for  4.9%  and  18.6%  mortality  of  pupae. 

On  maize  crops  in  Ontario  (Canada),  egg  predation 
(without  distinguishing  between  interspecific  preda- 
tion and  cannibalism)  was  recognized  as  an  important 
mortality  factor  of  Col.  maculata.  By  conducting  daily 
observations  of  selected  egg  clusters,  Wright  & Laing 
(1982)  found  the  predation  rate  of  eggs  to  be  45%  in 
one  year  and  49%  in  another. 

The  majority  of  available  data  do  not  allow  reliable 
estimation  of  the  regulatory  effects  of  enemies  on  the 
populations  of  predatory  ladybirds.  However,  high 
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Figure  8.12  Impact  of  parasitoids  and  predators  on  immature  stages  of  various  Epilachninae  species  in  tropical  and 
temperate  regions  (square,  mean  value;  bar,  recorded  range). 

(a)  Parasitization  of  eggs;  (b)  proportion  of  hatched  larvae  dying  from  parasitoids  during  larval  development;  (c)  proportion  of 
pupae  dying  from  parasitoids;  (d)  maximum  predation  rates  of  eggs;  (e)  maximum  predation  rates  of  larvae;  (f)  maximum 
predation  rates  of  pupae. 

Maximum  predation  rate  equals  pooled  rates  of  recorded  predation  (incl.  cannibalism)  and  ‘disappearance’, 
a,  Henosepilachm  septima  on  Sumatra  (latitude  1°S)  (after  Abbas  & Nakamura  1985). 

b and  c.  Henosepilachna  vigintioctopunctata  on  Sumatra  (1“S)  (after  Nakamura  et  al.  1988  (b)  and  Inoue  et  al.  1993  (c)). 

d.  Chnootriba  similis  in  Ethiopia  (7°N)  (after  Beyene  et  al.  2007). 

e.  Henosepilachna  pustiilosa  on  Honshu  (35°N)  (after  Nakamura  & Ohgushi  1981). 

f.  Henosepilachna  vigintioctopunctata  on  Honshu  (35°N)  (after  Nakamura  1976). 

g.  Henosepilachna  vigintioctomaculata  on  Honshu  (36°N)  (after  Nakamura  1987). 

h.  Henosepilachna  niponica  on  Honshu  (36°N)  (after  Shirai  1987). 

i.  Henosepilachna  gasutomii  on  Honshu  (36°N)  (after  Shirai  1988). 

j.  Henosepilachna  pustiilosa  on  Hokkaido  (43°N)  (after  Kimura  & Katakura  1986). 
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parasitization  rates  of  larvae  and  pupae,  recorded  in 
many  studies,  especially  by  Homalotylus  spp.  (8. 3. 2. 4), 
Phalacrotophora spp.  (8.3.2. 7)  andO.  scaposits (83.2.8), 
indicate  that,  in  certain  circumstances,  larval  and 
pupal  parasitoids  may  be  important  mortality  factors. 

Several  generalisations  can  be  made  concerning 
parasitization  of  immature  entomophagous  Coccinelli- 
dae  by  hymenopterans  (Homalotylus  spp.,  O.  scaposus): 
(i)  relatively  sedentary  coccidophagous  species  tend  to 
be  parasitized  to  a higher  degree  than  their  more  dis- 
persive aphidophagous  relatives,  (ii)  parasitization 
rates  are  usually  higher  in  warmer  regions  than  in 
colder  ones,  (iii)  parasitization  rates  tend  to  increase 
with  the  progress  of  host  population  development  and 
(iv)  successive  host  generations  tend  to  be  more  and 
more  affected  by  the  parasitoids.  Thus,  in  warm  regions 
of  Morocco  and  southeastern  Europe,  larvae  and 
pupae  of  late  generations  of  coccidophagous  Chiloco- 
rus  spp.  can  be  parasitized  at  rates  of  up  to  80-95% 
(Rubtsov  1954,  Smirnoff  1957,  Murashevskaya  1969, 
Stathas  et  al.  2008). 

Parasitization  of  predatory  species  by  flies  of  the 
genus  Phalacrotophora  may  also  reach  high  values 
(around  80%),  although  rates  of  parasitization  are 
very  variable  (Disney  & Chazeau  1990,  Disney  et  al. 
1994,  Hurst  et  al.  1998). 

Two  biotic  factors  are  often  ranked  among  the  most 
important  causes  of  mortality  in  adult  predatory 
ladybirds:  the  braconid  parasitoid  D.  coccinellae,  and 
entomopathogenic  fungi  particularly  of  the  genus 
Beauveria. 

Parasitization  rates  by  D.  coccinellae  are  sometimes 
quite  high,  especially  in  overwintering  ladybird  popu- 
lations. However,  the  rates  of  host  mortality  caused  by 
parasitoid  development  are  clearly  lower  than  the  par- 
asitization rates.  For  example,  parasitization  rates  of  C. 
septempunctata  recorded  in  early  dormancy  in  two  over- 
wintering sites  in  Poland  were  15  and  74%,  while  the 
rates  of  parasitoid  emergence  were  only  4 and  24%, 
respectively  (Ceryngier  2000). 

Fungal  pathogens  are  the  organisms  most  frequently 
reported  as  responsible  for  high  winter  mortality  of 
Coccinellidae  (fperti  1966,  Lipa  et  al.  1975,  Olszak 
1986,  Ceryngier  2000,  Ormond  et  al.  2006).  Evalua- 
tion of  their  effects  on  naturally  overwintering  lady- 
birds is  also  complex.  The  susceptibility  of  an  insect  to 
the  pathogen  largely  depends  on  the  condition  of  the 
host  and  its  associated  immunity,  ft  was  found  that 
various  entomopathogenic  fungi  may  opportunisti- 
cally infect  moribund  ladybirds,  while  healthy  ones 


are  resistant  to  their  attack  (Ceryngier  & Hodek  1996, 
Ceryngier  2000). 


8.5.3  Concluding  note 

Some  data  suggest  that  natural  enemies  may  exert 
stronger  and  more  persistent  effects  on  the  populations 
of  phytophagous  than  entomophagous  Coccinellidae, 
and,  of  the  latter,  coccidophagous  species  may  be 
more  affected  than  aphidophagous  ones.  This  may  be 
related  to  differences  in  the  prevalent  lifestyles  within 
these  groups.  Riddick  et  al.  (2009)  suppose  that 
phytophagous  species,  which  are  typically  sedentary, 
are  more  easily  located  by  natural  enemies,  especially 
parasitoids,  than  are  more  mobile  predatory  species. 
However,  regardless  of  which  group  of  Coccinellidae  is 
considered,  there  is  little  evidence  for  top-down  regula- 
tion of  their  populations.  Further  studies  are  needed  to 
clarify  the  role  that  natural  enemies  play  in  population 
dynamics  of  both  phytophagous  and  predatory 
ladybirds. 
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9.1  INTRODUCTION 

Coccinellids  are  friendly,  colourful  insects,  serving  as 
valuable  supporters  of  biological  control  of  pests  such 
as  aphids  and  scales  in  important  crops.  However,  they 
have  developed  a set  of  unpleasant  and  poisonous 
defence  chemicals  which  together  with  striking  col- 
ouration constitute  an  aposematic  enemy  barrier.  The 
unique  aposematic  chemistry  forms  a basis  for  several 
prominent  features  of  coccinellid  population  biology 
and  behavioural  ecology.  Furthermore  the  ecological 
adaptability  of  coccinellids  and  their  capacity  to  sense 
and  respond  to  a broad  set  of  information  carried  by 
stimuli  from  the  environment  is  an  important  contri- 
bution to  their  ecological  success  (Hodek  & Michaud 
2008).  Information  mediated  by  semiochemicals  con- 
tributes not  only  to  different  aspects  of  food  and  food 
search  but  also  to  social  and  ecological  behavioural 
processes  such  as  competition,  reproduction  and  other 
important  traits  in  behavioural  ecology.  Recently  a 
valuable  summary  of  coccinellid  chemistry  has  been 
published  by  Durieux  et  al.  (2010).  This  chapter  sum- 
marizes semiochemical-supported  mechanisms  related 
to  the  main  features  of  the  population  biology  of  coc- 
cinellids, their  interaction  with  foes  and  friends,  forag- 
ing and  prey  discrimination  and  social  interaction. 


9.2  APOSEMATISM  AND  REFLEX 
BLEEDING  CHEMISTRY 

9.2.1  Reflex  bleeding 

Coccinellids  provide  a typical  case  of  aposematism  i.e. 
striking  colouration  and,  when  provoked,  promptly 
release  of  repellent  and  aggressive  defence  sub- 
stances (Majerus  1994).  Adults  bleed  from  the  tibio- 
femoral joints  and  larvae  from  dorsal  glands.  The 
amount  of  reflex  fluid  emitted  by  ladybirds  in 
response  to  an  attack  can  be  very  high  (up  to  20% 
of  body  fresh  weight),  and  the  alkaloid  component 
can  constitute  several  per  cent  of  the  weight  of  the 
fluid  (Holloway  et  al.  1991,  1993).  The  exudates  are 
yellowish/ orange  and  are  mostly  toxic  to  other  organ- 
isms and  sometimes  also  distasteful  with  a strong 
flavour.  Several  studies  have  demonstrated  the  impor- 
tance of  these  substances  as  a defence  barrier  against 
enemies  (Marples  1993a,  Majerus  & Majerus  1997). 

The  aposematic  chemicals  play  an  important  and 
complex  role  in  the  interaction  between  coccinellids 


and  their  enemies  and  other  competitors.  This  rela- 
tionship may  involve  finely  tuned  interactions  as  in 
the  competition  that  occurs  in  the  ant-coccinellid 
relationship. 


9.2.2  Reflex  bleeding  substances 

9.2.2. 1 Experiments 

The  efficiency  of  the  multiple-component  defence 
secretion  of  C.  septempunctata  has  been  investigated  in 
feeding  experiments  with  Japanese  quail,  Coturnix 
japonicus  (Marples  et  al.  1994).  Even  if  the  interaction 
between  colour  and  taste  was  also  important,  colour 
pattern  was  the  most  significant  deterrent  for  experi- 
enced birds.  The  birds  detected  the  insect’s  smell  but 
rarely  used  it  as  a cue  to  toxicity.  No  single  element  was 
sufficient  to  maintain  avoidance  comparable  to  that 
caused  by  the  whole  insect. 

9. 2. 2. 2 Identification 

Aposematically  active  compounds  have  aroused  a con- 
siderable amount  of  interest  and  a broad  range  from 
different  coccinellid  species  have  been  chemically 
identifled.  So  far  50  different  alkaloids  have  been 
identified  from  43  species  (Daloze  et  al.  1994,  Pasteels 
2007).  The  chemistry  of  the  defensive  substances 
forms  a specific  framework  for  the  semiochemistry 
of  coccinellids  (Schroeder  et  al.  1998,  Laurent  et  al. 
2005).  Examples  of  aposematic  substances  are  shown 
in  Fig.  9.1.  Most  of  them  have  negative  effects  on  other 
organisms  in  that  they  are  repellent  and/or  toxic. 
However,  the  insect  pathogenic  fungus,  Beauveria  bas- 
siana,  seems  to  overcome  or  tolerate  them.  Beauveria 
bassiana  is  a common  mortality  factor  attacking  hiber- 
nating coccinellids  (Roy  & Cottrell  2008;  Chapter  8). 

9. 2. 2. 3 Sources 

The  synthetic  pathway  for  most  of  the  autogenous 

aposematic  substances  follows  a common  pattern, 
beginning  with  a hydrocarbon  chain  to  which  nitrogen 
from  amino  acids  is  added.  The  site  of  synthesis  of 
coccinelline  and  adaline  has  been  localized  to  cells 
in  the  fat  hody  (Laurent  et  al.  2005).  The  alkaloid 
content  in  the  reflex  bleeding  is  similar  to  that  in  the 
haemolymph  (Holloway  et  al.  1991).  Experimental 
results  showing  the  occurrence  of  haemocytes  in  the 
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Harmonine 


Figure  9.1  Chemical  components  in  coccinellid  aposematism  and  reflex  bleeding  systems. 


reflex  bleeding  fluid  may  indicate  shared  origin  of  both 
the  bleeding  liquid  and  the  haemolymph  (Karystinou 
et  al.  2004).  Although  most  of  the  defensive  alkaloids 
are  synthesized  by  the  coccinellids  themselves,  several 
cases  have  been  reported  where  coccinellids  sequester 
toxins  from  their  aphid  prey;  the  toxins  originate 
from  the  host  plant  of  the  prey.  Thus  C.  imdedmpimc- 
tata  sequester  cardenolides  from  Aphis  iierii,  which  in 
turn  gets  these  by  feeding  on  Nerium  oleander  (Roth- 
schild et  al.  1973).  Pyrrolizidines  are  sequestered  by 
C.  septempunctata  preying  on  Aphis  jacohaeae  feeding  on 
Senecio  (Witte  et  al.  1990). 

In  C.  septempunctata,  the  fluid  that  is  emitted  at  the 
tibio-femoral  joints  contains  highly  toxic  alkaloids. 
One  of  them,  coccinelline  (Fig.  9.1).  the  N-oxide  of 
the  free  base  precoccinelline.  has  extremely  high 
mammalian  toxicity  (Marples  1993b).  Both  com- 
pounds are  released  along  with  the  volatile  pyrazine 
(Fig.  9.1),  which  seems  to  serve  a dual  role  in  the 


chemical  ecology  of  C.  septempunctata  as  an  enemy 
repellent  and  a putative  aggregation  pheromone  (Al 
Abassi  et  al.  1998). 

9. 2. 2.4  Production  cost 

The  production  of  aposematic  compounds  means  a 
cost  for  the  coccinellid  individual.  In  a trade-off 
study  with  Menochilus  sexmaculatus,  the  concentration 
of  alkaloids  present  in  reflex  bleeding  exudates  in  the 
larvae  and  adult  females  of  different  ages  were  deter- 
mined and  the  cost  of  chemical  defence  to  life-history 
parameters,  viz.  body  weight,  fecundity,  egg  weight, 
hatching  success  of  eggs  and  longevity,  was  measured 
(Agarwala  & Bhowmik  2007).  The  results  showed  that 
females  which  had  been  provoked  to  release  chemicals 
had  shorter  longevity  and  produced  smaller  eggs  by 
weight,  and  that  the  hatching  success  of  their  eggs  was 
significantly  reduced  compared  to  eggs  of  unprovoked 
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e-ocimene 


6-methyl-5-hepten-2-one 


6-methyl-5-hepten-2-ol 


2-tridecanone 

Figure  9.2  Semiochemicals  related  to  foraging  and  food  searching  behaviour  in  coccinellids. 


control  females.  However,  no  effect  was  found  on  body 
weight,  reproductive  age  and  fecundity.  Larvae  that 
had  been  provoked  developed  into  smaller  females  than 
unprovoked  larvae.  Results  of  exudate  collection  from 
individuals  of  different  ages  suggested  that  there  was 
an  age-related  variation  in  the  amount  of  defence 
fluid  produced  and  the  concentration  of  alkaloids,  in 
line  with  what  has  been  described  for  Epilachna  paemi- 
lata  mentioned  above  (Camarano  et  al.  2006). 

9.2.2. S Age  and  stage  modifications 

The  composition  of  toxins  (including  autogenous 
aposematic  compounds)  may  vary  between  develop- 
mental stages  in  some  phytophagous  species.  The 
defensive  chemistry  of  Epilachna paemilata  was  shown  to 


be  a mixture  of  piperidine,  homotropane  and  pyr- 
rolidine alkaloids.  Whole  body  extracts  of  adult  beetles 
contain  four  major  alkaloids,  l-(6-methyl-2,3,4,5- 
tetrahydro-pyridin-2  -yl)-propan-2  -one,  1 -( 6-methyl- 
2 -piperidyl)-propan-2  -one,  9-aza- 1 -methyl-bicyclo 

[3.3.1]nonan-3-one  and  1-  (2"-  hydroxyethyl)-2-(12'- 
aminotridecylj-pyrolidine.  Comparisons  of  the  compo- 
sition of  alkaloids  in  eggs,  larvae,  pupae  and  adults 
showed  both  qualitative  and  quantitative  differences 
between  the  four  life  stages,  and  also  varied  during  the 
adult  stage,  with  optimum  content  during  the  oviposi- 
tion  period.  Laboratory  predation  bioassays  showed 
that  adults  are  better  protected  than  larvae  and 
pupae  against  wolf  spiders  and,  in  field  tests,  the  adult 
alkaloid  extract  also  was  deterrent  to  ants  (Camarano 
etal.2006). 
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9-methyltricosane 


N-pentacosane 


Methyl  linolate 

Figure  9.3  Examples  of  semiochemicals  involved  in  kin  recognition  and  mobility  of  coccinellids. 


9. 2. 2. 6 Species  specific  chemistry 

Generally  the  composition  of  the  reflex  bleeding  exu- 
dates for  most  coccinellid  species  seems  to  be  species- 
specific  and  to  contain  only  one  or  a few  main 
components  (review  by  Laurent  et  al.  2005).  Thus  it 
has  been  suggested  that  these  alkaloids  could  be  used 
as  a monitoring  tool  for  estimation  of  intraguild 
predation  (IGF,  Ch.  7;  Hautier  et  al.  2008).  Sloggett 
et  al.  (2009)  used  a gas  chromatography-mass  spec- 
trometry (GC-MS)  based  approach  for  studies  of  preda- 
tion of  Har.  axyridis.  The  alkaloid  hippodamine  from  a 
single  egg  of  Hip.  convergens  was  detected  in  all  10  third 


instar  larvae  of  another  ladybird,  Har.  axyridis,  for  12 
hours  after  consumption.  A comparison  of  the  alka- 
loids of  five  ladybird  species  that  co-occurred  in  the 
field  study  found  that,  in  general,  the  alkaloids  were 
sufficiently  distinct  to  allow  species  identification  of 
ladybirds  that  had  been  consumed  by  predators, 
although  there  was  some  overlap  between  species  in 
alkaloid  content.  With  the  same  analytical  method, 
Kajita  et  al.  (2010)  found  intraspecific  variation  of 
alkaloid  content  in  egg  clusters  of  Har  axyridis  and 
C.  septempiinctata.  The  alkaloids  affected  egg  con- 
sumption rates  of  adults  and  it  was  also  found  that 
C.  septempunctata  was  more  affected  by  alkaloids  than 
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Har.  axyridis.  It  was  shown  that  this  difference  could  be 
attributed  to  differences  in  alkaloid  metabolism  by  the 
two  species. 

9.2.3  Relation  to  enemies  and  competitors 

9.2.3. 1 Parasitoids 

The  parasitoid,  Dinocampus  coccinellae  (Ch.  8.3) 
causes  mortality  in  adult  C.  septempunctata  (9-72%  in 
East  Anglia)  (Barron  & Wilson  1998).  The  oviposition 
process  is  very  rapid  and  seems  to  be  initiated  by  a 
specific  set  of  stimuli  (Richerson  & DeLoach  1972). 
Orr  et  al.  (1992)  compared  the  attack  patterns  and 
specificity  of  D.  coccinellae  with  respect  to  four  coccinel- 
lid  species  and  concluded  that  orientation  towards 
the  host  preceding  final  attack  is  an  important  step. 
It  is  suggested  that  volatile  semiochemicals  play  a key 
role  in  this  location  of  adult  C.  septempunctata  by  a 
D.  coccinellae  female.  In  laboratory  experiments,  it  was 
demonstrated  that  the  free  base  precoccinelline  is 
attractive  to  the  parasitoid  and  is  highly  active  at  the 
electrophysiological  level  (Al  Abassi  et  al.  2001).  Other 
naturally  occurring  ladybird  alkaloids  with  similar 
structures  e.g.  myrrhine  from  the  18-spot  ladybird. 
Myrrha  octodecimguttata,  and  hippodamine  from  the 
convergent  ladybird.  Hip.  convergens,  showed  signifi- 
cant biological  activity  on  the  parasitoid’s  behaviour. 
However,  it  remains  to  be  seen  to  what  extent  other 
stimuli  such  as  visual  cues  contribute  to  orientation  of 
the  wasp  towards  its  host  for  the  final  attack  and  under 
natural  conditions. 

9.23.2  Ants 

Ants  compete  with  coccinellids  for  the  exploitation 
of  aphids  and  aphid  products  (honeydew)  as  food 
sources  (5. 4. 1.6  and  8.2.4).  Based  on  studies  of  apose- 
matism  and  the  interaction  between  Lasius  niger  and  C. 
septempunctata,  it  has  been  suggested  that  alkaloids 
may  also  protect  the  ladybird  from  ant  attack  and  thus 
increase  its  chances  of  consuming  aphid  prey  (Marples 
1993b).  This  form  of  protection  seems  to  be  better 
developed  for  C.  septempunctata  than  for  A.  hipunctata, 
and  is  in  agreement  with  the  observation  that  C.  sep- 
tempunctata appears  to  use  the  trail  pheromones  of 
Formica polyctena  in  foraging  (Bhatkar  1982).  The  spe- 
cific relationship  between  ants  and  C.  septempunctata, 
compared  to  that  between  ants  and  Har.  quadripunctata, 
has  also  been  observed  for  ant-attended  aphid  colonies 
on  Scots  pine,  Pinus  sylvestris  (Sloggett  & Majerus 


2000).  The  results  indicate  that  ant  attendance  pro- 
longs the  survival  of  aphid  colonies,  thus  stabilizing 
the  food  supply  for  the  ladybirds.  Aqueous  solutions  of 
convergine  (from  Hip.  convergens)  and  coccinelline 
(from  C.  septempunctata)  have  been  tested  for  repellence 
to  ants  (Formica  rufa)  and  quails  (Coturnix  coturnix) 
(Pasteels  et  al.  1973).  Repellence  to  ants  was  consist- 
ent, while  responses  from  individual  quails  showed 
variation.  In  a review  of  defensive  chemistry  in  insects, 
Laurent  et  al.  (2005)  stress  a wider  ecological  per- 
spective on  alkaloids,  which  are  the  most  frequently 
encountered  defensive  compounds  not  only  in  coc- 
cinellids but  also  in  other  insects.  This  is  also  stressed 
by  Majerus  et  al.  (2007).  Studies  of  the  ovipositing 
behaviour  of  A.  hipunctata  showed  that  the  presence  of 
L.  niger  reduced  (via  semiochemicals)  the  number  of 
eggs  laid  (Oliver  et  al.  2008).  It  was  also  found  that  the 
survival  of  eggs  was  reduced  due  to  ants  attacking  but 
not  consuming  the  coccinellid  eggs. 

Few  cases  of  myrmecophily  are  known  in  coccinel- 
lids (8.2.4).  However,  Vantaux  et  al.  (2010)  showed 
that  larvae  of  the  coccinellid  Diomus  thoracicus  live 
safely  inside  the  nests  of  the  ant  Wasmannia  auropunc- 
tata  and  prey  exclusively  on  the  ant  larvae.  In  contrast 
adults  are  always  attacked.  The  tolerance  of  ants  to  the 
larvae  in  the  ant  nest  is  based  on  chemical  mimicry  of 
the  ant  cuticular  chemistry. 

9. 2. 3. 3 Spiders 

Coccinellids  fall  prey  to  spiders  especially  during  the 
autumn  migration  to  the  hibernating  sites.  In  feeding 
experiments,  the  European  orb-web  spider,  Araneus  dia- 
dematus,  was  offered  C.  septempunctata  and  Har  axyridis 
as  prey  (Sloggett  2010).  Spiders  were  not  deterred  by 
the  coccinellid  alkaloids  and  no  significant  effect  on 
spider  development  was  observed.  Several  investiga- 
tions on  selectivity  of  spider  foraging  showed,  with 
variable  results  (Nentwig  1983,  1986),  that  predator- 
prey  combinations  are  important. 

9.3  SEMIOCHEMICALS  RELATED 
TO  FOOD 

9.3.1  Plant  volatiles 

9 . 3 . 1 . 1 Herbivore-induced  plant  volatiles 

Informative  volatile  cues  from  herbivores  and/or 
herbivore-infested  plants  shorten  the  searching  time 
for  the  predator  and  increase  foraging  efficiency.  There 
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is  experimental  evidence  for  behavioural  effects  also  of 
volatiles  from  plants  on  coccinellid  food  search  having 
a short  active  range  (Pasteels  2007)  and  they  may  be 
seen  as  part  of  the  final  step  in  foraging  behaviour 
(9.3.4  and  5.4.1). 

Semiochemicals  indicating  the  presence  of  food  can 
be  produced  directly  by  the  prey /food  and  produced 
as  plant  responses  to  herbivore  attack.  Most  coccinel- 
lids  prey  on  a broad  range  of  herbivores,  and  semio- 
chemicals carrying  information  on  plant  status,  i.e. 
whether  attacked  or  unattacked,  can  be  expected  to 
be  one  of  the  leads  in  dispersal  and  foraging.  The  eco- 
logical importance  of  this  kind  of  information  has  been 
well  documented  in  mite  predator-prey  systems  on  lima 
bean  where  it  was  shown  that  predatory  mites  intensi- 
fied their  searching  behaviour  in  contact  with  lima 
bean  plants  that  had  been  attacked  by  mites  (Dicke  et  al. 
1998:  Dicke  2000).  Similar  preferential  responses  have 
been  shown  in  olfactometer  experiments  with  C.  sep- 
tempunctata  exposed  to  barley  plants  previously  attacked 
by  aphids.  Rhopalosiphurn  pad!  (Ninkovic  et  al.  2001). 
Tea  shoots  attacked  by  aphids  or  mechanically  damaged 
were  shown  to  be  more  attractive  to  natural  enemies 
and  this  was  interpreted  as  a combined  response  to 
volatiles  produced  by  plauts  (synomones)  and  by 
herbivores  (kairomones)  from  the  tea  aphids  (Toxoptera 
aurantiU  Han  & Chen  2002,  2005). 

A comniou  volatile  released  from  herbivore- 
stressed  plauts  is  methyl  salicylate  (Walling  2000). 
However,  Bi  et  al.  (2007)  showed  that  allelopathic 
responses  in  rice  also  included  the  production  of 
methyl  salicylate.  Several  investigations  have  shown 
that  methyl  salicylate  is  a messenger  substance  for  coc- 
cinellids.  releasing  an  arrestiug  behaviour.  Both  in 
field  and  laboratory  experiments,  James  and  colleagues 
(James  & Price  2004.  James  2005)  recorded  such  an 
arresting  response  in  adult  C.  septempunctata.  Similar 
results  have  been  reported  for  other  coccinellids 
(Zhu  & Park  2005).  Using  sticky  traps  baited  with 
herbivore-induced  volatiles,  James  and  colleagues 
(James  & Price  2004,  James  2005)  showed  that  Stetho- 
rus  punctum  picipes  was  significantly  attracted  to  sticky 
traps  baited  with  a more  complex  mixture  of  volatiles, 
namely  methyl  salicylate,  cis-3-hexeu-l-ol  and 
beuzaldehyde. 

So  far  only  a few  active  substances  have  been  identi- 
fied that  are  exclusively  linked  to  plant  responses  to 
herbivory.  cis-jasmoue  ((Z)-jasmone)  is  a common 
plant  volatile  involved  in  a switch-on  mechanism  for 
defeuce  metabolism  iu  plauts.  In  wind  tunnel  tests 


C.  septempunctata  adults  demonstrated  attraction  to 
(Z)-jasmone.  When  applied  in  the  vapour  phase  to 
intact  bean  plants,  (Z)-jasmone  induced  the  produc- 
tion of  volatile  compounds,  including  the  monoter- 
pene  (E)-ocimene,  an  attractant  to  the  aphid  parasitoid 
Aphidius  ervi  (Birkett  et  al.  2000,  Bruce  et  al.  2008). 
Possibly,  this  is  support  for  a general  mechanism 
whereby  predators  and  parasitoids  of  herbivores  can 
trace  plants  under  stress. 

9. 3. 1.2  Adult  receptors  for  food 
semiochemicals 

Experiments  with  adult  Hip.  convergens  indicate  that 
receptor  centres  for  food-  related  volatiles  are  located  on 
the  auteuual  tips  (Hamilton  et  al.  1 9 9 9 ) . Responses  of 
beetles  whose  antennae,  maxillary  palps  or  antennal 
tips  had  been  amputated  were  compared  in  olfactome- 
ter experiments  with  non-injured  beetles.  Only  beetles 
with  their  antennae  or  antennal  tips  intact  responded 
positively  both  to  the  odour  of  radish  leaves  infested 
with  peach-potato  aphids,  Myzus  persicae,  and  to  clean 
radish  leaves.  Scanning  electron  microscope  studies  of 
the  distribution  of  different  receptor  types  suggested 
that  the  primary  function  is  executed  by  trichoid  seu- 
silla  located  ou  the  termiual  auteuual  segmeut. 
The  synergistic  effects  of  plant  and  prey  volatiles  have 
so  far  only  been  given  moderate  attention. 

9.3. 1.3  Respouses  of  larvae 

Most  experiments  on  semiochemicals  and  food  finding 
by  coccinellids  have  been  made  with  adults,  but  several 
reports  also  include  the  behaviour  of  larval  stages.  A 
common  technique  for  laboratory  studies  of  adult 
responses  to  semiochemicals  is  olfactometry,  whilst 
experiments  with  larvae  are  usually  based  on  record- 
ing arrestiug  respouses  induced  by  volatiles  in  an 
arena.  The  searching  behaviour  of  Hip.  convergens 
larvae  was  studied  as  affected  by  volatile  chemicals 
from  tobacco  aphids,  Myzus  persicae  nicotianae  (Jamal 
et  al.  2001).  Larvae  (second,  third  and  fourth  instars) 
were  exposed  to  three  volatile  sources:  aphids  alone, 
aphids  on  tobacco  leaves  and  tobacco  leaves  previously 
exposed  to  aphids.  The  search  path  of  larvae  was 
traced  in  an  arena  and  the  different  angles  and  veloci- 
ties of  movement  were  recorded.  In  general,  older 
larvae  were  more  efficient  at  searching  than  younger 
ones.  In  most  cases  significant  effects  attributable  to 
olfactory  cues  were  obtained.  The  results  support  the 
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potential  of  olfactory  cues  to  modify  the  behaviour  of 
coccinellid  larvae  and  call  for  more  research  on  the 
semiochemicals  involved. 

9. 3. 1.4  Prey  sex  pheromones: 
predator  kairomones 

Rhyzobius  spp.  larvae  responded  to  sex  pheromones 
of  pine  bast  scales  Matsucoccus.  The  response  of  coc- 
cinellid larvae  was  tested  in  Held  trials  using  pine  tree 
arenas  baited  with  the  sex  pheromones  of  M.  josephi, 
M.  feytaudi  and  M.  matsuinume.  Both  field  and  labora- 
tory tests  demonstrated  a significant  positive  response 
to  the  sex  pheromones  of  M.  feytaudi  and  M.  matsuniu- 
me  (Branco  et  al.  2006). 

It  has  been  suggested  that  the  foraging  activity  of 
coccinellids  feeding/searching  in  aphid  colonies  also 
promotes  formation  of  alate  aphids  (Dixon  & Agarwala 
1999).  However,  it  is  still  open  as  to  whether  this  is  only 
due  to  disturbance  of  aphid  feeding,  or  whether  repel- 
lence  of  the  volatile  semiochemistry  of  the  aggressive 
coccinellid  also  contributes  to  increasing  the  mobility 
of  aphids  that  would  promote  alate  offspring. 

9.3.2  Prey  alarm  pheromones 

9.3.2. 1 Aphid  alarm  pheromone 

When  attacked  by  predators  many  aphids  release  a 
secretion  from  the  cornicles  that  contains  an  alarm 
pheromone.  Aphids  that  are  nearby  respond  to  the 
pheromone  by  pulling  out  their  mouthparts  and  falling 
from  the  plant  to  escape  (Nault  et  al.  1973).  Similar 
observations  on  the  behaviour  of  treehoppers  (Mem- 
bracidae)  attacked  by  coccinellids  have  been  reported 
(Nault  et  al.  1974).  Since  the  main  component  of  the 
aphid  alarm  pheromone,  the  sesquiterpene  hydrocar- 
bon (E)-P-farnesene  (EBF),  was  identified  (Nault  et  al. 
1973)  it  has  been  given  considerable  attention  both  as 
an  aphid  repellent  and  as  a coccinellid  attractant. 
Experimental  studies  have  shown  that  adult  C.  septem- 
punctata  and  larvae  of  A.  hipunctata  are  arrested/ 
attracted  by  EBF  and  the  odour  of  crushed  aphids 
(Nakamuta  1991,  Hemptinne  et  al.  2001b.  Hatano 
et  al.  2008). 

9. 3. 2. 2 Mechanism  for  modified  responses 

EBF  is  also  a common  substance  in  nature,  occurring 
in  several  plants.  This  represents  a problem,  since  a 


rigid  positive  response  by  ladybirds  to  EBF  may  cause 
them  to  stay  longer  in  environments  that  are  less 
favourable  through  being  devoid  of  prey.  Experiments 
have  shown  that  the  response  of  C.  septempunctata  to 
EBF  is  modified  by  another  common  plant  substance, 
(-)-P-caryophyllene  (Al  Abassi  et  al.  2000).  As  long 
as  the  amount  of  EBF  does  not  exceed  a specific 
ratio  that  is  maintained  between  it  and  the  caryophyl- 
lene,  no  behavioural  response  of  the  coccinellids  is 
elicited.  Such  is  the  case  when  a walking  ladybird 
passes  an  undisturbed  aphid  colony  on  a plant  that 
naturally  manufactures  EBF.  However,  if  one  of  the 
aphid  individuals  in  the  colony  responds  to  the 
threat  of  a predator  and  releases  alarm  pheromone, 
the  proportion  of  EBF  exceeds  the  critical  ratio 
between  the  two  active  substances  and  the  behaviour 
of  the  ladybird  becomes  aggressive.  How  far  this 
mechanism  also  operates  for  other  coccinellids  is  still 
unknown. 

(-)-P-caryophyllene  on  its  own  elicited  a positive 
aggregation  response  of  adults  of  Rar.  axyridis  in 
laboratory  experiments  by  Verheggen  et  al.  (2007), 
indicating  that  a certain  semiochemical  may  have 
multiple  roles  depending  on  conditions  and  species 
involved. 

9. 3. 2. 3 EBF  release:  aphid  individual  risks 

The  release  of  alarm  pheromone  by  an  attacked  aphid 
makes  this  individual  more  easily  detectable.  Thus  the 
question  has  been  raised  as  to  whether  it  is  a risk  for 
aphids  to  reveal  their  presence  by  producing  EBF.  This 
topic  has  been  studiedfor  the  Hai:  axyridis-Acyrthosiphon 
pisum  relationship.  However,  the  results  did  not  show 
that  this  apparent  altruistic  behaviour  would  be 
costly  for  the  individuals  releasing  the  alarm  pherom- 
one. Its  release  did  not  have  any  negative  effect  for  the 
producer  (Mondor  & Roitberg  2000). 

Myzus  persicae  habituated  to  EBF  had  an  increased 
reproduction  rate  compared  to  EBF  sensitive  aphids. 
However,  predation  by  Hip.  convergens  significantly 
reduced  the  habituated  aphid  population  and  out- 
weighed the  initial  increase  in  reproduction  (de  Vos 
et  al.  2010). 

9.3.3  Toxic  substances  in  prey 

The  cabbage  aphid,  Brevicoryne  brassicae,  accumu- 
lates glucosinolates  such  as  sinigrin,  from  its  host 
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plants  (brassicas)  and  has  an  enzyme  system,  myrosi- 
nase  {(3-thioglucoside  glucohydrolase),  that  breaks 
them  down  to  behaviourally  active  compounds  such 
as  isothiocyanates  (Kazana  et  al.  2007).  When 
uptake  of  sinigrin  from  an  artificial  diet  was  studied, 
it  was  found  that  there  was  a significant  differ- 
ence between  winged  and  wingless  aphid  morphs 
with  regards  to  sequestration.  Winged  aphids  excreted 
significantly  higher  amounts  of  glucosinolate  in 
the  honeydew  than  wingless  aphids  and  the  higher 
level  of  sinigrin  in  wingless  aphids  had  a signifi- 
cantly stronger  negative  impact  on  survival  of  a 
ladybird  predator.  Larvae  of  A.  bipumtata  were 
unable  to  survive  when  fed  on  apterous  aphids  from  a 
diet  with  1%  sinigrin.  However,  the  larvae  survived 
successfully  when  fed  on  winged  aphids  from  the 
same  diet. 

Different  coccinellid  species  may  handle  plant  sec- 
ondary metabolites  in  prey  differently.  In  experiments 
with  sinigrin.  B.  brassicae  and  larval  stages  of  A.  bipunc- 
tata  and  C.  septempimctata,  it  was  found  that  the  first 
instar  of  A.  bipunctata  was  unable  to  survive  when  fed 
with  B.  brassicae  reared  on  Brassica  nigra  or  artificial 
diets  containing  0.2%  sinigrin.  By  contrast,  first 
instars  of  C.  septempimctata  were  able  to  survive  when 
fed  with  aphids  reared  on  B.  nigra  or  artificial  diets 
containing  up  to  1%  sinigrin,  although  the  presence  of 
sinigrin  in  the  aphid  diet  reduced  nymphal  growth  and 
increased  the  time  the  larvae  took  to  reach  second 
instar  (Pratt  et  al.  2008). 

Similar  results  were  obtained  in  a series  of  experi- 
ments with  A.  bipunctata  in  which  the  effect  of  different 
aphid  food  plants  was  compared  with  special  reference 
to  glucosinolates  (GLS)  (Francis  et  al.  2001).  The 
polyphagous  aphid  M.  persicae  was  fed  on  broad  bean 
(Viciafaba:  GLS  free),  oilseed  rape  (Brassica  napus  subsp. 
oleifera:  low  GLS  level)  and  white  mustard  (Sinapis  alba; 
high  GLS  level).  Both  rape  and  mustard  shortened  the 
developmental  time  and  increased  the  adult  weight  of 
A.  bipunctata.  No  significant  differences  in  mortality 
were  observed,  but  rape-fed  M.  persicae  caused  higher 
egg  production  and  larval  emergence  in  the  ladybird, 
while  mustard-fed  M.  persicae  caused  lower  fecundity 
and  egg  viability.  A possible  explanation  for  the  differ- 
ences in  the  effects  on  the  coccinellids  between  the 
experiments  with  B.  brassicae  (Kazana  et  al.  2007) 
and  M.  persicae  (Francis  et  al.  2001)  may  be  that 
GLS  metabolism  differs  between  the  polyphagous 
M.  persicae  and  the  cabbage  feeder  B.  brassicae.  (See 
also  5.2.6.) 


9.3.4  Feeding  stimulants  for  phytophagous 
coccinellids 

Feeding  experiments  with  Epilachna  admirabilis,  which 
mainly  feeds  on  plants  of  the  genus  Trichosanthes 
(Cucurbitaceae).  showed  that  the  cucurbitacins. 
especially  cucurbitacin  E-glucoside,  strongly  stimu- 
lated both  adults  and  larvae  to  feed  (Abe  & Matsuda 
2000).  In  further  studies  of  phagostimulants  for 
Henospilachna  vigintioctomaculata  with  potato  Solanum 
tuberosum,  an  interesting  synergism  between  differ- 
ent components  from  the  host  plant  was  shown.  The 
feeding  stimulants  were  isolated  and  identified  as 
methyl  linolenate  from  a lipid-soluble  fraction,  and 
glucose  and  fructose  from  an  aqueous  fraction. 
Although  methyl  linolenate  alone  was  inactive,  it  acted 
positively  synergistically  with  sugars.  Methyl  lino- 
lenate maximized  the  feeding  activity  on  sugars  at  the 
concentration  occurring  in  potato  leaves.  It  is  sug- 
gested that  methyl  linolenate  plays  an  important  role 
in  host  selection  by  H.  vigintioctomaculata  (Endo  et  al. 
2004).  The  results  indicate  that  host  plant  discrimina- 
tion and  feeding  site  acceptance  have  a semiochemi- 
cally  complex  structure  where  a mix  of  specific  and 
trivial  plant  compounds  contribute  to  a complete 
message/cue. 

9.3.5  Learning 

Ladybirds  use  different  sets  of  stimuli  for  food  localiza- 
tion, and  it  has  been  suggested  that  associative 
learning  may  play  an  important  role  in  increasing 
efficiency  (Vet  & Dicke  1992).  However,  conclusive 
experimental  support  for  this  hypothesis  is  as  yet 
limited.  Learned  responses  in  terms  of  selectivity  for 
prey  were  recorded  in  A.  decempunctata  in  predation  on 
Hgalopterus pruni  (Dixon  1959).  After  previous  feeding 
on  H.  pruni,  A.  decempunctata  rejected  this  aphid  when 
it  was  touched  with  the  palps. 

Adaptive  changes  in  prey  handling  behaviour 
have  been  observed  in  the  coccinellid  Anisolemnia  tet- 
rasticta  feeding  on  a plataspid  heteropteran,  Caternault- 
iella  riigosa.  It  was  found  that  the  efficiency  of  attack 
behaviour  improved  with  increasing  experience  of  the 
prey  (Dejean  et  al.  2003). 

Eerrer  et  al.  (2008)  studied  effects  on  fitness  of  adap- 
tive food  preferences  (learning)  in  an  experiment  with 
A.  bipunctata  testing  the  effects  on  food  preferences  of 
feeding  larvae  on  different  food  sources.  One  group  of 
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larvae  were  fed  throughout  their  development  on  pea 
aphids,  A.  pisurn,  which  is  a high  quality  prey.  The 
other  group  was  fed  on  cowpea  aphids  {Aphis  cracciv- 
ora),  considered  a suboptimal  prey  on  the  basis  that 
adults  developing  from  larvae  fed  on  this  aphid  were 
lighter  and  had  fewer  ovarioles  and  a lower  overall 
fitness  than  individuals  reared  on  pea  aphid.  When 
offered  a choice,  naive  first  instar  larvae  of  A.  bipunc- 
tata  from  the  cowpea  aphid  group  more  frequently 
attacked  cowpea  than  pea  aphids.  However,  older 
larvae  did  not  show  this  preference  and  attacked  the 
two  species  of  prey  irrespective  of  the  aphids  that  were 
previously  fed.  This  is  different  from  what  has  been 
shown  for  parasitoids  (van  Emden  et  al.  2008)  where 
the  selectivity  for  prey  can  develop  late  during  the 
larval-pupation  phase  and  even  not  till  emergence 
from  the  aphid  mummy. 

In  laboratory  experiments  with  fourth  instar  larvae 
of  Col.  maculata  ssp.  lengi  Boivin  et  al.  (2010)  tested 
how  previous  experience  affected  prey  rejection  behav- 
iour. It  was  found  that  the  initial  contact  and  prey 
discrimination  was  affected  by  previous  experience 
but  prey  representing  good  food  quality  were  always 
finally  accepted.  After  48  hours  the  learned  behaviour 
appeared  to  be  partially  forgotten. 

Finding  food  sources  can  be  seen  as  a two-step  pro- 
cedure in  which  an  initial  patch  or  site  preference 
phase  is  followed  by  a close  range  search  process  where 
several  semiochemicals  directly  related  to  the  food 
source  change  coccinellid  behaviour  from  dispersal  to 
feeding/attacking  behaviour.  This  feeding  response 
can  be  modified  in  an  associative  learning  process  by 
the  presence  of  unique  semiochemicals  or  specific 
ratios  between  trivial  chemicals  indicating  presence  of 
food  sources.  Olfactorily  mediated  associative  learning 
has  been  demonstrated  in  experiments  with  adults  of 
C.  septeinpunctata  and  four  cultivars  of  barley  (Glin- 
wood  et  al.  2011).  Coccindla  septeinpunctata  did  not 
prefer  the  odour  of  one  aphid-infested  barley  cultivar 
over  another.  However,  after  feeding  on  aphids  for  24 
hours  on  a cultivar,  adults  preferred  the  odour  of  that 
particular  cultivar  in  olfactometer  experiments.  After 
feeding  experience  on  a different  aphid  infested  cultivar 
this  preference  disappeared. 

9.4  MATING  AND  SEX  PHEROMONES 

Knowledge  about  sex  pheromones  and  other  semio- 
chemicals promoting  coccinellid  mating  is  still  limited. 


However,  experimental  results  indicate  the  involve- 
ment of  a sex  pheromone  in  the  reproductive 
behaviour  of  A.  bipunctata  (Hemptinne  et  al.  1996). 
A putative  aggregation  pheromone  identified  in 
C.  septeinpunctata  (Al  Abassi  et  al.  1998)  also  seems  to 
be  used  by  A.  bipunctata  (Hemptinne  & Dixon  2000). 
Possibly  the  mating  cue  is  separate  from  the  set  of  vola- 
tiles involved  in  species  discrimination  where  the 
pattern  of  aposematic  substances  may  play  a role 
(9.5.1). 

9.4.1  Chemoreceptors  on  the  antennae 

Studies  on  Cei:  undecimnotata  showed  a difference 
in  terms  of  the  presence  of  antennal  receptors 
between  males  and  females  (Jourdan  et  al.  1995). 
Of  12  different  types  of  antennal  sensilla,  two  cheati- 
form  sensilla  on  the  male  antenna  are  missing  in 
the  female  antenna  and  one  type  is  specific  for  the 
female  antenna.  Different  responses  to  food  and 
the  opposite  sex  were  shown  by  adult  males  and 
females  of  A.  bipunctata  (Hemptinne  et  al.  1996).  While 
females  mainly  respond  to  prey  density  (aphids),  the 
males  primarily  respond  to  females  and  mating 
opportunities.  The  suggested  explanation  for  this  dif- 
ference in  searching  behaviour  is  that  a sexual  differ- 
ence in  receptor  presence  can  be  a complement 
to  odour  discrimination  at  the  receptor  level  of  the 
two  sexes. 

A significant  sexual  difference  in  electro- 
antennogram  (BAG)  responses  of  male  and  female 
antennae  was  shown  by  Baker  et  al.  (2003).  The  male 
antennae  of  Col.  maculata  responded  to  females  but 
not  to  males,  indicating  that  chemicals  from  females 
are  involved  in  sexual  communication.  Hexane  extracts 
from  conspeciflc  females  but  not  those  from  males 
produced  significant  electrophysiological  responses 
(BAG)  from  male  antennae.  The  only  identified  chemi- 
cal that  corresponded  to  this  pattern  was  1-octen- 
3-ol.  A significant  BAG  response  was  also  recorded  to 
the  extracts  of  fluids  produced  during  ‘reflex  bleeding' 
and  it  may  be  hypothesized  that  these  substances  are 
part  of  a complex  blend  constituting  the  sex  pherom- 
one. Female  Col.  maculata  antennae  exhibited  high 
thresholds  in  response  to  several  compounds  including 
ot-terpineol,  (Z)-3-hexenol  and  (4aS,7S,7aR)-nep- 
etalactone.  Field  traps  baited  with  2-phenylethanol 
and  a-terpineol  were  highly  attractive  to  adult  Col. 
maculata. 
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9.4.2  Hydrocarbons  on  elytra 

Bioassays  indicated  that  the  female  elytra  of  A. 
hipunctata  could  he  the  source  of  the  active  semiochem- 
icals  (Hemptinne  et  al.  1996;  Burns  et  al.  1998).  The 
mating  behaviour  of  A.  bipunctata  proceeds  in  steps:  a 
male  first  palpates  the  female  elytra  with  his  maxillary 
palps,  then  mounts  her  and  mates.  Elytra  washed  in 
chloroform  failed  to  stimulate  mating.  Analysis  of 
the  chloroform  extracts  of  the  elytra  revealed  that  male 
and  female  ladybirds  are  coated  with  the  same  blend 
of  hydrocarbons  among  which  9-  and  7-methyl  tri- 
cosane  are  dominant.  It  was  suggested  that  visual 
stimuli,  in  particular  movement,  are  necessary  for  a 
male  to  discriminate  males  from  females  while  so  far 
unidentified  olfactory  cues  are  important  for  species 
recognition.  It  may  be  hypothesized  that  again  the  set 
of  species-specific  aposematic  compounds  mentioned 
above  play  an  active  role. 


9.4.3  Ultrastructure  of  the 
integumentary  glands 

Studies  of  adult  Cer.  undecimnotata  showed  that  glands 
with  and  without  secretory  ducts  are  distributed 
over  the  head,  thorax  and  abdomen.  Glands  without 
ducts  are  thought  to  release  volatile  pheromones. 
Such  glands  consist  of  a single  cell  and  a secretory 
apparatus  located  within  the  thickness  of  the  cuticle 
and  equipped  with  a cuticular  crihriform  plate.  This 
cribriform  plate  separates  two  superimposed  cavities, 
and  epicuticular  filaments  fill  the  lower  cavity.  The 
secretory  products  from  glands  with  a duct  are  abun- 
dant and  released  on  the  surface  of  the  cuticle  in  the 
shape  of  twisted  cylinders,  which  are  resistant  to 
acetone  treatment.  However,  their  role  in  modifying 
behaviour  is  not  yet  known  (Barbier  et  al.  1992). 

To  conclude,  there  is  considerable  evidence  that  sex 
attractants  support  mating  of  coccinellids.  Although 
some  active  substances  that  may  be  components  in  a 
complex  pheromone  blend  have  been  identified,  con- 
clusive information  on  the  composition  and  role  of  the 
pheromones  is  still  lacking.  Behavioural  experiments 
show  that  males  and  females  can  respond  differently  to 
mating  partners.  Sexual  differences  in  the  occurrence 
of  olfactory  receptors  and  behavioural  responses 
to  mating-related  semiochemicals  in  behavioural 
responses  to  semiochemicals  may  explain  the  differ- 
ence in  behaviour  between  females  and  males. 


9.5  OVIPOSITION 

9.5.1  Oviposition  deterrence:  oviposition 
deterrence  pheromones 

Aphids  constitute  an  unstable  food  supply  and  can- 
nibalism on  immobile/less  mobile  stages  {eggs  and 
young  larvae)  is  a common  trait  in  coccinellid  biology. 
Unravelling  the  mechanistic  regulation  of  this  canni- 
balism via  semiochemicals  is  an  exciting  ecological 
challenge  as  it  deals  with  a complex  contribution  to  the 
decisive  importance  of  cannibalism  for  ecological 
fitness.  (See  also  5. 4. 1.3.) 

An  important  requirement  for  the  ovipositing  female 
is  to  identify  a site  free  from  competitors  and  potential 
predators  on  her  offspring.  Hemptinne  et  al.  (1993) 
suggested  that  contacts  with  coccinellid  larvae  by  the 
female  act  as  an  oviposition  inhibiting  cue.  In  later 
work  by  Ruzicka  (1994,  1997),  the  general  mecha- 
nism of  an  oviposition  deterrence  pheromone  (ODP) 
was  described  and  defined  in  C.  septempunctata.  He 
demonstrated  that  gravid  females  utilized  semiochemi- 
cals in  larval  tracks  to  avoid  oviposition  on  the 
sites  where  conspecific  larvae  had  already  walked. 
ODPs  have  been  shown  to  occur  among  coccinellids 
and  are  primarily  a means  for  an  ovipositing  female  to 
avoid  sites  where  her  offspring  may  later  be  exposed  to 
predation  by  offspring  from  other  females  which  had 
used  the  same  site. 


9.5.2  Species-specificity  of  oviposition 
deterrence  pheromone  substances 

Species-specificity  is  illustrated  by  the  fact  that  female 
A.  bipunctata  do  not  avoid  tracks  deposited  by  larvae 
of  two  other  species,  A.  decempunctata  and  C.  septem- 
punctata (Hemptinne  & Dixon  2000).  The  results  of 
a study,  in  which  the  antennae  and  maxillary  palps 
were  amputated,  indicate  that  females  exclusively 
use  contact  chemoreceptors  on  their  maxillary  palps 
to  detect  oviposition-deterring  tracks  of  conspecific 
larvae  (Ruzicka  2003).  Females  of  Cer.  undecimnotata 
laid  significantly  smaller  egg  batches  on  paper  strips 
with  conspecific  tracks  than  on  clean  paper  strips. 
However,  females  of  Cycloneda  limbifer  laid  significantly 
larger  batches  of  eggs  on  paper  strips  with  conspecific 
larval  tracks  than  on  clean  paper  strips.  This  is  the 
first  evidence  of  an  opposite  effect  in  different  species 
of  conspecific  oviposition-deterring  larval  tracks  on 
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egg  clustering  in  aphidophagous  coccinellids  (Ruzicka 
2003).  The  ecological  background  to  these  different 
behavioural  responses  is  still  an  open  question. 

It  has  been  suggested  that  egg-surface  chemicals 
act  as  semiochemicals  for  the  avoidance  of  intraguild 
(egg)  predation  between  C.  septempunctata  and  A. 
bipunctata  (Hemptinne  et  al.  2001a).  Behavioural 
experiments  showing  an  interspecific  relationship 
between  Har.  axyridis  and  Calvia  quatuordecimguttata 
based  on  ODP  are  reported  (Ware  et  al.  2008).  The 
experiments  are  based  on  previous  observations 
showing  that  eggs  of  C.  quatuordecimguttata  escape 
attack  by  Har.  axyridis.  The  relationship  between  the 
deterring  effects  on  Har.  axyridis  is  discussed  in  relation 
to  the  palatability  of  the  eggs  as  food  and  whether  or 
not  the  semiochemicals  located  on  the  egg  surface  are 
really  honest  signals  conveying  information  to  the 
attacker. 

The  persistence  of  oviposition-deterring  effects  is 
variable  and  limited  in  time  as  shown  in  a series  of 
experiments  with  different  coccinellid  species  by 
Ruzicka  (2001,  2002,  2006).  Although  the  response 
to  10  day  old  conspecific  larval  tracks  remained  signifi- 
cant (see  also  Hemptinne  et  al.  2001a)  it  was  consider- 
ably lower  than  the  response  to  fresh  tracks.  In  choice 
tests  with  fresh  tracks  of  conspecifics,  Cydoneda  limh- 
ifer,  Cer.  undecimnotata  and  Har  dimidiata  larvae,  and  10 
day  old  tracks  of  conspecific  larvae,  clutch  sizes  were 
smaller  in  the  blank  test  without  larval  tracks  than  in 
tests  with  fresh  tracks.  Similarly,  semiochemicals  in 
the  tracks  of  conspecific  and  heterospeciflc  coccinellid 
larvae  can  contribute  considerably  to  the  spacing 
of  Menochilus  sexmaculatus  offspring  among  prey  of 
differing  quality  and  that  conspecific  as  well  as  heter- 
ospecific larval  tracks  can  influence  the  distribution 
of  larvae.  The  persistence  of  intra-  and  interspe- 
cific effects  on  the  response  of  M.  sexmaculatus  to 
larval  tracks  has  also  been  investigated.  Fresh  tracks 
of  M.  sexmaculatus,  Cydoneda  limbifer  and  Cer.  imdecim- 
notata  larvae  effectively  deterred  M.  sexmaculatus 
females  from  ovipositing;  larval  tracks  from  two  other 
ladybird  species  have  also  been  shown  to  deter  oviposi- 
tion  by  females  of  M.  sexmaculatus. 

9.5.3  Active  substances  in  oviposition 
deterrence  pheromone  tracks 

The  chemical  nature  of  A.  bipunctata  semiochemicals 
has  been  investigated  in  relation  to  reproduction. 


oviposition  deterrence  and  intraguild  prey  avoidance. 
Alkanes  with  chemical  and  structural  similarity  have 
been  identified  in  each  case,  indicating  that  ladybirds 
exploit  their  natural  product  chemistry  with  parsimo- 
nious versatility  (Hemptinne  & Dixon  2000),  similar  to 
that  described  above  for  pyrazine  (Al  Abassi  et  al. 
1998).  Intraguild  interactions  between  Har.  axyridis 
and  E japonica  are  mediated  by  odour  substances  from 
the  faeces  (Agarwala  et  al.  2003).  This  mechanism  is 
an  interspecific  complement  to  the  intraspecific  com- 
munication and  reduces  competition  between  these 
two  coccinellid  species. 

Bioassays  with  larvae  of  A.  bipunctata  have  shown 
that  the  anal  disc  of  the  10th  abdominal  segment 
deposits  ODP  substances  onto  the  substrate  leaving 
tracks  of  these  semiochemicals  (Laubertie  et  al.  2006). 
The  chemical  composition  of  the  larval  tracks  of  A. 
bipunctata  has  been  investigated  (Hemptinne  et  al. 
2001b)  and  found  to  be  a complex  mixture  of  around 
40  chemically  distinguishable  alkanes.  N-pentacosane 
is  a major  component  (15.1%).  The  alkanes  are  likely 
to  spread  easily  on  the  hydrophobic  cuticle  of  plants 
and  so  leave  a large  signal.  They  are  not  quickly  oxi- 
dized and  can  be  long  lasting.  Observation  showed  that 
10  day  old  larval  tracks  still  significantly  deterred  ovi- 
position. Klewer  et  al.  (2007)  identified  (Z)-pentacos- 
12-ene  as  a key  compound  in  the  larval  tracks  of 
Menochilus  sexmaculatus  and  proved  its  oviposition 
deterring  effects  in  bioassays.  Other  compounds 
found  in  the  tracks  were  tested  in  bioassays  for  oviposi- 
tion deterrence  but  were  not  found  to  have  a significant 
behavioural  effect. 


9.5.4  Relation  to  other  aphid  enemies 

Elegant  studies  have  shown  that,  to  avoid  intraguild 
predation  (IGP;  7.8),  females  of  the  aphid  parasitoid 
Aphidius  ervi  detect  semiochemicals  in  fresh  adult 
and  larval  footprints  of  C.  septempunctata,  thereby 
avoiding  aphid  colonies  under  attack  from  ladybirds 
(Nakashima  et  al.  2004,  Nakashima  & Akashi  2005). 
The  response  of  three  aphid  parasitoid  species,  Aphidius 
eadyi,  A.  ervi  and  Praon  volucre  to  footprint  semiochemi- 
cals from  adult  C.  septempunctata  and  A.  bipunctata  was 
investigated  by  Nakashima  et  al.  (2006).  Females  of  all 
three  parasitoid  species  avoided  leaves  previously 
visited  by  C.  septempunctata  or  A.  bipunctata  adults. 
Praon  volucre  avoided  trails  of  both  ladybird  species  to 
a similar  degree  but  the  avoidance  of  the  Aphidius 
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species  was  stronger  to  trails  of  C.  septempunctata  than 
to  those  of  A.  hipunctata.  The  footprint  semiochemicals 
were  identified  and  quantified,  n-pentacosane  and 
n-heptacosane  occurred  in  significantly  greater 
amounts  in  C.  septempunctata  trails  than  in  those  of  A. 
hipunctata  and  the  trails  of  the  two  species  differed 
qualitatively  in  the  other  hydrocarbons  present.  The 
response  of  the  three  aphid  parasitoids  females  was 
tested  to  three  footprint  semiochemicals  occur- 
ring in  both  coccinellid  species,  n-tricosane  (C23H48), 
n-pentacosane  (C2SH52),  and  n-heptacosane  (C27H5f,). 
ft  was  found  that  A.  eadyi  was  more  sensitive  to 
n-tricosane  than  the  other  two  species,  only  Praon 
volucre  showed  avoidance  responses  to  n-heptacosane. 
All  three  species  responded  to  n-pentacosane. 

A similar  mechanism  has  been  described  for  the  rela- 
tionship between  the  aphid  parasitoid,  Aphidius  colem- 
ani  and  C.  septempunctata,  Hai:  axyridis  and  P.  japonica, 
where  the  number  of  eggs  deposited  in  aphid  colonies 
with  coccinellid  larvae  was  reduced  in  the  presence  of 
semiochemicals  from  the  larval  tracks  of  C.  septem- 
punctata  (Takizawa  et  al.  2000).  An  important  member 
of  the  aphidophagous  guild  Chrysopa  oculata  utilizes 
the  footprint  semiochemicals  for  intraspecific  oviposi- 
tion  deterrence;  these  semiochemicals  also  have  a 
similar  role  in  C.  septempunctata  (Ruzicka  1997). 

The  examples  given  indicate  that  semiochemicals 
play  a significant  role  in  intraguild  interactions 
between  C.  septempunctata  and  other  aphid  natural 
enemies  (7.8). 

9.5.5  Aphid  abundance 

So  far  most  of  the  positive  oviposition  semiochemical 
mechanisms  demonstrated  for  coccinellids  in  experi- 
ments are  related  to  different  aspects  of  food  resources, 
and  it  has  been  shown  experimentally  that  oviposition 
activity  is  positively  affected  by  aphid  density  itself 
(Elliot  2000:  Frechette  et  al.  2004).  Investigations  on 
the  changes  in  volatiles  that  occur  in  aphid-attacked 
plants  have  shown  that  levels  of  common  plant  vola- 
tiles are  elevated  as  discussed  in  the  previous  section. 
An  interesting  investigation  by  Oliver  et  al.  (2006) 
shows  that  the  trade-off  between  the  repellence  of 
larval  tracks  and  increased  quality  of  a certain  oviposi- 
tion site  in  favour  of  acceptance  is  positively  related  to 
aphid  density,  i.e.  higher  aphid  density  reduces  the 
repellent  effect  of  the  larval  tracks.  Although  three 
volatiles  related  to  aphid  density  have  been  identified 


(9.3.3)  further  messenger  substances  expressing  aphid 
density,  either  from  the  aphids  themselves  or  from  the 
attacked  plants,  seem  to  be  of  importance  in  coccinellid 
feeding  behaviour. 

9.6  EGG  AND  PUPA  PROTECTION 

9.6.1  Protection  of  eggs 

Cannibalism  and  interspecific  predation  are  common 
coccinellid  traits  that  are  discussed  in  5.2.7  and  5.2.8. 
The  importance  of  eggs  as  a first  food  source  for 
neonate  larvae  has  been  observed  and  discussed  by 
several  authors  (Gagne  et  al.  2002;  Santi  et  al.  2003; 
Michaud  & Grant  2004:  Michaud  & Jyoti  2008).  The 
level  and  ecological  significance  of  cannibalism  vary 
between  species,  but  it  seems  common  that  conspe- 
cific  eggs  are  identified  and  preferred  to  those  of 
other  coccinellid  species  and  even  to  some  preferred 
foods  such  as  aphids. 

The  aposematic  substances  of  coccinellids  (9.2) 
show  a species-specific  pattern  and  so  constitute  a basis 
for  discrimination  between  the  eggs  of  different  species. 
Thus  Sloggett  et  al.  (2009),  in  an  elegant  study,  dem- 
onstrated the  possibilities  of  gas  chromatography- 
mass  spectrometry  (GC-MS)  analysis  of  prey  alkaloids 
to  trace  IGF  in  coccinellids.  The  amount  of  the  alkaloid 
hippodamine  in  a single  egg  of  Hip.  convergens  was 
enough  for  detection  with  this  method  in  third  instar 
larvae  of  Har.  axyridis  after  12  hours  (and  occasionally 
even  after  36  hours)  after  consumption.  Using  an 
internal  standard  enabled  this  method  to  be  used  to 
make  estimates  of  the  number  of  eggs  consumed. 

9.6.2  Protection  of  pupae 

Generally  the  pupal  stage  of  holometabolous  insects  is 
a vulnerable  phase  in  development,  and  chemical 
defence  of  coccinellid  pupae  has  been  reported. 
The  pupal  surface  of  Subcoccinella  vigintiquatuorpunc- 
tata  bears  glandular  hairs  that  produce  a secretion 
consisting  principally  of  three  polyazamacrolide 
alkaloids  that  serve  as  a potent  anti-predator  de- 
fence: contact  with  it  elicited  pronounced  cleaning 
activity  by  the  predatory  ant  Crematogaster  lineolata. 
Application  of  the  secretion  to  palatable  food  items 
rendered  them  unacceptable  to  the  ant  (Smedley  et  al. 
2002). 
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9.7  HIBERNATION  AND 
AGGREGATION 

Aggregation  behaviour  is  discussed  in  detail  in  6 . 3 . 1 . 4 . 
The  intrinsic  preference  to  join  conspecifics  is  an 
important  mechanism  in  the  formation  of  aggrega- 
tions. The  formation  of  denser  aggregations  seems  to 
he  a process  affected  by  prevailing  climatic  conditions 
such  as  temperature  and  rainfall  (Klausnitzer  1989). 
In  the  context  of  the  specific  conditions  during  the  late 
autumn,  any  pheromone  would  need  to  have  potent 
olfactory  activity  even  if  temperatures  are  low.  To  he 
active  over  a longer  time  it  should  also  he  chemically 
very  stable.  Indeed,  a pheromone  fulfilling  these 
requirements  was  isolated  and  identified  for  C.  septem- 
punctata  as  2-isopropyl-3-methoxypyrazine  (A1 
Abassi  et  al,  1997).  In  terms  of  properties,  this  com- 
pound is  well  suited  for  its  expected  functions  i,e,  high 
olfactory  activity  and  low  volatility  and  chemical  sta- 
bility under  field  conditions.  Thus,  it  may  function  as  a 
messenger  substance  even  if  aggregation  itself  is  a slow 
process  that  is  accentuated  only  on  days  with  favour- 
able temperatures, 

9.8  HABITAT  PREFERENCES: 
RESPONSES  TO  PLANTS  AND 
PLANT  VOLATILES 

9.8.1  Habitat  selection 

Two  different  plant-derived  semiochemical  messages 
can  be  expected  to  contribute  to  habitat/patch 
arrestment  of  polyphagous  coccinellids.  One  is  infor- 
mation on  botanical  composition  and  possibly  the 
presence  of  preferred  plants  (Schmid  1992).  The 
second  type  of  message  would  carry  information  on 
plants  under  stress,  either  from  the  presence  of  her- 
bivores or  caused  by  interaction  on  the  plant-plant 
level.  In  summary  there  is  experimental  evidence  that 
plant  volatiles  contribute  to  the  patch  preferences  of 
several  coccinellid  species.  Several  of  the  recorded 
compounds  are  trivial  plant  volatiles,  but  some  of 
them  may  also  represent  a stressed  plant  status,  and 
there  may  be  similarities  between  effects  of  herbivore 
(coccinellid  prey)  attacks  and  plant  stress  caused  by 
plant-plant  interactions,  (See  also  Chapter  4 and 
5,4,1) 

Information  related  to  both  prey  density  and  plant 
status  contributes  to  the  switch  of  an  individual 


coccinellid  from  extensive  foraging  and  dispersal  to 
patch  identification  with  intensified  food-searching 
behaviour,  and  here  a range  of  semiochemicals  play  an 
active  role  (Pettersson  et  al,  2008),  The  ecological 
importance  of  species-specific  differences  in  the 
balance  between  the  two  types  of  behaviour  is  illus- 
trated by  a study  comparing  the  searching  behaviour 
efficiency  of  Hai:  axyridis  and  Col.  maculata  in  frag- 
mented versus  clumped  landscapes  with  clover 
patches  infested  with  the  pea  aphid,  Acyrthosiphon 
pisum  (With  et  al,  2002),  The  two  coccinellids  did  not 
differ  in  their  search  success  within  fragmented  land- 
scapes, It  was  only  in  clumped  landscapes  that  Har. 
axyridis  maximized  search  success  and  foraged  within 
clover  patches  that  had  2,5-3  times  more  aphids  than 
those  in  which  Col.  maculata  occurred,  Harmonia 
axyridis  was  more  efficient  in  finding  aphid-infested 
clover  cells,  while  Col.  maculata  made  more  efficient  use 
of  the  aphids  in  such  infested  clover  cells,  A key  factor 
for  the  difference  between  the  two  species  seemed  to  be 
their  difference  in  mobility  and,  therefore,  different 
dependence  on  cues  in  the  switch  from  dispersal  to 
searching  mode, 

9.8.2  Plant  stand  traits 

Coccinellid  food  can  be  classified  as  essential  food 
that  promotes  development  and  propagation,  and 
lower  quality  (alternative)  foods  that  only  supports 
survival  (Hodek  & Michaud  2008:  5.2,2,  and  5,2,11), 
Thus  volatile  messenger  substances  carrying  informa- 
tion on  prey/food  quality  in  terms  of  essential  food  and 
possibly  longevity  of  the  food  source  are  important. 
Field  investigations  have  shown  a correlation  between 
increased  botanical  diversity  and  the  frequency  of 
polyphagous  predators  (coccinellids),  and  different 
factors  are  suggested  as  contributing  to  this,  including 
microcUmate  and  increased  prey  density  (Andow 
1991;  Vandermeer  1992),  In  a field  site  inventory 
study,  C.  septempunctata  and  A.  bipunctata  were  domi- 
nating species  and  their  distribution  was  significantly 
correlated  with  the  percentage  of  ground  cover  of 
certain  weed  species  (Leather  et  al,  1999),  This  is  in 
line  with  studies  by  Schmid  (1992)  on  plant  discrimi- 
nation by  coccinellids.  Of  73  plant  species,  most  of 
which  were  common  agricultural  weeds,  at  least  20 
were  found  to  be  highly  attractive  to  coccinellids.  Even 
moderate  manipulations  of  the  genetic  homogeneity 
of  a barley  crop  may  be  important  in  relation  to  habitat 
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preferences.  In  a field  experiment  with  pair-wise  mixed 
and  pure  stands  of  different  barley  genotypes,  it  was 
found  that,  in  the  absence  of  prey,  adult  C.  septempunc- 
tata  preferred  a specific  genotype-pair  mix  (Ninkovic 
et  al.  2011). 


9.8.3  Avoided  plants 

Coccinellids  have  been  shown  to  respond  to  species- 
specific  plant  volatiles.  In  laboratory  experiments 
with  terpenoids  from  catnip  oil  and  from  grapefruit 
seeds  (Riddick  et  ai.  2008),  Z,E-dihydronepetaIactone 
or  E,Z-dihydronepetalactone  caused  a concentration- 
dependent  avoidance  behaviour  in  adult  males  and 
females  of  Har.  axyridis.  The  avoidance  behaviour  was 
expressed  by  trying  to  fly,  jumping  back  or  turning 
away  from  the  odour  source.  Other  tested  compounds, 
E,Z-iridomyrmecine  and  Z,E-myrmecine,  were  less 
effective.  Finally,  nootkatone  and  tetrahydronootka- 
tone  were  least  effective.  Based  on  the  behavioural 
responses  of  the  beetles,  it  is  suggested  that  the  sub- 
stances should  be  tested  as  repellents  to  prevent  aggre- 
gates of  Har.  axyridis  at  sites  where  they  are  unwanted. 
To  what  extent  these  preferences  represent  a perma- 
nent pattern  of  species-specific  plant  preference  or  an 
adaptive  response  remains  to  be  tested.  Investigations 
on  effects  of  plant  volatiles  on  coccinellid  foraging 
responses  have  focussed  on  consumption  patterns  in 
Aphidecta  obliterata,  which  as  a conifer  specialist  was 
better  adapted  to  spruce  than  the  generalist  A.  hipunc- 
tata  (Timms  et  al.  2008). 

9.8.4  Plant-plant  Interactions/ 
attractive  plants 

A detectable  plant  stress  indicator  would  be  an  impor- 
tant predator  tool.  The  most  common  biotic  challenge 
for  a growing  plant  is  sharing  available  resources  with 
other  plants  and  this  has,  in  some  cases,  led  to  the 
development  of  advanced  systems  of  plant-plant  com- 
munication via  semiochemicals.  Suppression  of 
plant  competitors  via  semiochemicals  defined  as 
allelopathy  by  Molisch  (1937)  was  later  redefined  by 
Rice  (1984)  as  also  involving  effects  related  to  micro- 
organisms associated  with  plants.  Advances  in  methods 
of  chemical  analysis  and  improved  understanding  of 
plant  ecology  have  resulted  in  an  increased  scientific 
interest  in  allelopathy  and  its  ecological  importance. 


However,  as  yet,  the  intertrophic  effects  of  allel- 
opathy (allelobiosis  sensu  Pettersson  et  al.  2003; 
Ninkovic  et  al.  2011),  i.e.  the  effects  upon  herbivores 
and  their  natural  enemies  of  plant  responses  in  plant- 
plant  interactions,  have  not  been  extensively  studied. 
The  efficiency  of  the  searching  behaviour  of  a polypha- 
gous  predator  would  benefit  from  a volatile  cue  allow- 
ing identification  of  plants  stressed  by  herbivores. 

Investigations  of  behavioural  responses  of  adult  C. 
septempunctata  to  barley  and  two  common  weeds  have 
contributed  to  this  topic.  The  distribution  of  C.  septem- 
punctata  in  a commercial  barley  crop  with  weeds  indi- 
cates the  importance  of  odour  stimuli  (Ninkovic  & 
Pettersson  2003).  Adults  were  significantly  aggregated 
to  patches  with  Elytrigia  repens  and  Cirsium  arvense, 
although  no  obvious  food  resource  such  as  pollen, 
aphids  or  other  small  prey  insects  was  abundant  there. 
In  olfactometer  experiments,  adult  ladybirds  showed 
no  difference  in  orientation  to  either  of  the  weeds. 
However,  when  barley  and  one  of  the  two  weeds  were 
used  together  as  the  odour  source,  this  was  preferred 
compared  to  the  odour  of  barley  alone.  Barley  plants 
exposed  to  volatiles  from  C.  arvense  remained  attractive 
even  when  the  weed  was  taken  away,  whereas  those 
exposed  to  E.  repens  lost  their  attractiveness  in  the 
absence  of  barley.  This  indicates  that  the  positive  effect 
of  the  barley-E.  repens  combination  may  merely  be  an 
effect  of  mixed  volatiles,  whereas  the  barley-C.  arvense 
mixture  is  likely  to  represent  a more  complex  mecha- 
nism involving  allelobiosis. 

A conclusion  from  these  results  is  that  mixed  plant 
stands  may  have  a stronger  arresting  effect  on  adult 
ladybirds  than  pure  stands,  if  proximity  of  a different 
plant  species  makes  a plant  emit  the  volatile  signature 
characteristic  of  general  plant  stress  that  would  in- 
clude herbivore-attacked  plants.  Hypothetically,  an 
increased  arresting  effect  could  be  a response  merely  to 
a complexity  of  plant  volatiles.  This  would  fit  well  with 
the  E.  repens-barley  combination.  However,  the  results 
from  the  tests  of  the  C.  aj'vense-barley  combination 
suggest  another  possibility.  Barley  plants  exposed  to 
allelobiotic  provocation  from  thistle  volatiles  become 
significantly  less  acceptable  to  aphids  (Glinwood  et  al. 
2004).  Thus  the  positive  ladybird  response  to  C. 
arvcHse-exposed  barley  plants  could  be  a response  to  a 
plant-stress  condition  upon  herbivores  and  their 
natural  enemies,  which  is  similar  whether  induced  by 
plant-plant  interaction  or  aphid  attack.  This  would  be 
in  line  with  the  positive  response  of  ladybirds  to  aphid- 
attacked  barley  plants  (Ninkovic  et  al.  2001). 
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9.9  CONCLUSIONS  AND  FUTURE 
CHALLENGES 

This  chapter  has  summarized  information  on  the 
chemical  ecology  of  coccinellids.  A considerable 
amount  of  experimentation  has  shown  that  coccinel- 
lids depend  on  semiochemical-mediated  information  to 
complete  several  of  the  important  steps  in  their  popula- 
tion ecology.  However,  so  far  there  is  only  a limited 
understanding  of  the  mechanisms  involved  and  of 
how  chemical  ecology  profoundly  interacts  with  other 
stimuli  regulating  life  processes. 

Most  of  the  behavioural  responses  of  coccinellids  to 
semiochemicals  reported  are  related  to  major  events  in 
the  life  cycle.  Thus  the  response  to  certain  stimuli  may 
vary  depending  on  where  in  the  annual  life  cycle  the 
specific  individual  is.  Several  of  the  chemical  cues 
related  to  mobility  and  foraging  are  commonly  occur- 
ring substances,  and  one  of  the  future  challenges  is  to 
understand  the  subtle  mechanisms  that  contribute  to 
give  this  trivial  set  of  information  a precise  meaning  for 
the  individual  coccinellid.  The  integration  of  external 
information  to  be  expressed  in  subsequent  action  is 
picked  up  by  chemoreceptors,  then  processed  at  dif- 
ferent sensory  system  levels  and  finally  modified  as 
a function  of  the  status  of  the  individual  coccinellid. 
This  status  can  be  looked  upon  as  an  endogenous 
response  filter  that  regulates  the  capability  of  the 
coccinellid  to  respond  to  external  stimuli.  Factors 
such  as  adaptive  learning,  mating  and  feeding  status 
or  different  stages  in  the  annual  population  cycle  will 
modify  the  selectivity  of  this  behaviour  modifying 
filter  (BMF).  Basic  elements  controlling  the  dynamic 
variability  of  coccinellid  behaviour  such  as  adaptive 
responses  and  learning  affected  by  a broad  set  of 
multiple  blends  of  trivial  chemicals  such  as  green  leaf 
volatiles  and  semiochemicals  from  other  organisms  are 
exciting  fields  where  further  research  is  needed. 

The  considerable  knowledge  on  the  chemical  com- 
pounds that  constitute  the  aposematic  chemistry  of 
coccinellids  has  created  a challenging  source  for  future 
studies  on  the  behaviour  of  coccinellids  in  an  ecologi- 
cal perspective.  The  metabolic  costs  of  the  powerful 
aposematic  chemistry  are  high  and  further  links  to 
general  ecological  functions  could  be  searched  for. 
Increasing  information  of  the  aposematic  chemistry  in 
intra-  and  interspecific  recognition  stimulates  further 
studies  of  the  contributions  of  semiochemicals  involved 
in  aspects  of  the  behavioural  ecology  of  coccinellids 
such  as  territorial  behaviour,  cannibalism/foraging 


and  interaction  with  other  behavioural  stimuli  such  as 
colouration  and  tactile  stimuli,  where  so  far  only  very 
little  is  known  for  coccinellids.  Some  of  the  aposematic 
compounds  are  chemically  complex  and  some  of  them 
(such  as  pyrazine)  are  behaviourally  active  in  such 
small  amounts  that  they  challenge  conventional 
methods  for  entrainment  and  chemical  identification. 
Improved  methods  of  chemical  analysis  will  reduce 
these  problems  but  also  enable  more  sophisticated 
methods  in  studies  of  how  coccinellids  respond  to  semi- 
ochemicals. Further  development  of  improved  bio- 
assay methods  for  studying  coccinellid  behaviour  is 
needed  in  relation  to  processes  such  as  kin  recognition, 
aggressivity  between  individuals,  courtship  and  mating 
and  cues  involved  in  migration. 

Studies  of  the  olfactory  receptor  systems  on  the 
antennae  have  shown  sexual  dimorphism.  However, 
the  behavioural  consequences  of  this  for  different 
behavioural  responses  between  males  and  females  to 
different  stimuli  have  so  far  not  received  much  atten- 
tion. Present  knowledge  on  identified  semiochemicals 
indicates  that  several  biologically  trivial  compounds 
common  both  in  several  potential  prey  herbivores  and 
their  host  plants  convey  important  information  to  coc- 
cinellids. Responses  to  the  same  chemical  can  differ 
depending  on  time  and  place  and  the  influence  of  the 
BMF  mentioned  above.  Good  examples  of  cues  where 
these  common  volatiles  may  be  behaviourally  active 
are  those  related  to  plant  damage/stress.  Such 
volatiles  form  a vast  set  of  active  compounds  that  must 
be  recognized  by  the  olfactory  receptors  of  coccinellids 
and,  although  the  topic  has  often  been  discussed,  there 
is  only  limited  knowledge  on  how  this  challenge  is  met 
by  different  coccinellid  species.  Further  studies  of  the 
principles  for  receptor  function  of  coccinellids  and  its 
potential  as  a priming  factor  for  specific  chemical  cues 
is  therefore  an  interesting  challenge. 

With  regards  to  foraging  and  feeding  behaviour,  the 
focus  has  been  on  herbivore-induced  volatiles  and 
other  stress  induced  substances.  Thus  the  borderline 
between  stimuli  expressed  in  food  search  and  arresting 
responses  in  favourable  patches  is  diffuse.  Efficient  use 
of  a broad  range  of  food  sources  means  that  identifica- 
tion of  favourable  habitats  can  be  more  profitable  than 
searching  for  specific  food  sources.  This  creates  a 
dynamic  balance  between  investments  in  localizing 
optimal  habitats  where  food  is  likely  to  be  available, 
and  in  finding  specific  preferred  food  resources. 
This  presupposes  a pronounced  adaptive  capacity  to 
meet  a variable  set  of  food  sources. 
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Few  insects  can  compete  with  coccinellids  with 
regard  to  scientific  challenges  within  the  field  of 
chemical  ecology.  Their  own  chemistry  is  expressed  in 
complex  aposematic  compounds.  They  show  an  out- 
standing capacity  to  cope  with  different  ecological 
requirements  such  as  foraging,  mating  and  responses 
to  IGF,  as  well  as  to  conspecific  density.  It  is  difficult  to 
find  another  group  of  insects  that  is  so  close  to  human 
activities,  and  yet  it  must  be  admitted  that  conclusive 
data  on  the  identity  and  importance  of  semio- 
chemicals  under  natural  conditions  are  still  limited. 
It  is  to  be  expected  that  future  studies  will  not  only  give 
results  of  general  scientific  value  but  also  contribute  to 
improved  options  for  the  different  roles  of  coccinellids 
in  human  activities  in  biological  production  and  nature 
conservation. 
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10.1  INTRODUCTION 

The  importance  of  quantifying  the  impact  of  natural 
enemies  in  biological  control  programmes  has  often 
been  emphasized,  but  the  empirical  measurement  of 
impact  in  the  field  remains  one  of  the  most  difficult 
challenges  for  ecological  entomologists.  This  is  espe- 
cially true  for  predatory  species  such  as  coccinellids. 
The  impact  of  coccinellids  on  their  prey  is  a complex 
function  of  their  local  abundance,  voracity  and  prey 
fidelity,  combined  with  various  indirect  effects  of  their 
activities  on  prey  survival,  some  mediated  by  other 
natural  enemies  and  some  by  the  host  plant.  Predation 
is  difficult  and  time-consuming  to  observe  directly  in 
the  field  and  often  leaves  no  evidence  of  its  occurrence. 
Since  various  coccinellid  species  frequently  attack  the 
same  prey  simultaneously,  and  may  comprise  only  one 
fraction  of  a guild  of  predators,  it  can  be  challenging 
to  partition  impact  among  predator  species  even  when 
rates  of  prey  removal  can  be  quantified.  Despite  such 
difficulties,  efforts  to  quantify  coccinellid  predation 
directly  are  usually  considered  preferable  to  more  indi- 
rect inferences  derived  from  statistical  correlations  of 
predator  and  prey  abundance.  Too  often,  the  collapse 
of  large  populations  of  aphids  is  attributed  to  the 
action  of  large  numbers  of  coccinellids  associated  with 
them  when,  in  actuality,  many  biotic  and  abiotic 
factors  interact  to  accelerate  such  population 
declines.  These  include,  but  are  not  limited  to,  dimin- 
ishing host  plant  quality,  induced  plant  defence 
responses,  development  and  emigration  of  winged 
forms  of  prey,  fungal  epizootics,  high  temperatures, 
wind  and  rain,  etc.  The  respective  contributions  of 
these  factors  can  be  difficult  to  separate  from  the 
impact  of  predation.  The  study  of  Diuraphis  noxia  mor- 
tality conducted  by  Lee  et  al.  (2005)  illustrates  some  of 
the  empirical  challenges  posed  by  such  confounding 
factors  and  the  fact  that  coccinellids.  although  abun- 
dant, may  not  necessarily  suppress  aphid  populations 
below  economic  levels.  Notwithstanding  the  chal- 
lenges of  attributing  mortality  to  particular  causes,  the 
important  role  of  coccinellids  as  agents  of  biologi- 
cal control  is  undeniable  in  many  cases,  even  if  it  is 
difficult  to  quantify.  For  example,  the  mass  exodus  of 
spring  generation  Hip.  convergens  from  mature  wheat 
fields  is  observed  with  seasonal  regularity  on  the  High 
Plains  of  the  USA  and  can  only  result  from  prodigious 
aphid  consumption  in  the  developing  grain,  without 
which  more  frequent  and  more  extensive  pesticide 


applications  would  almost  certainly  be  necessary  to 
preserve  yields  (JPM,  pers.  observ.).  In  contrast,  Dixon 
(2005)  concludes  that,  although  natural  enemies, 
including  coccinellids,  may  occasionally  inflict  dra- 
matic mortality  on  tree-dwelling  aphids,  it  is  the  inter- 
actions between  the  aphids  and  their  host  plants  that 
drive  long-term  cycles  in  the  abundance  of  these 
species. 

Coccidopbagous  coccinellids  may  match  the 
reproductive  rate  of  their  prey,  generation  for  genera- 
tion, or  in  the  case  of  Rodolia  cardinalis,  exceed  it  (Hodek 
1973;  Chapter  11),  resulting  in  a highly  effective 
numerical  response.  However,  the  numerical  response 
of  aphidophagous  species  cannot  match  the  reproduc- 
tive rate  of  most  aphid  species  that  can  achieve  multi- 
ple generations  in  the  critical  period  of  spring/early 
summer.  Estimation  of  coccinellid  impact  on  aphids  is 
particularly  challenging  because  of  the  ephemeral 
nature  of  aphid  populations,  their  high  reproductive 
rate  (due  to  parthenogenesis  and  viviparity),  and  the 
sensitivity  of  biological  control  outcomes  to  initial  con- 
ditions, especially  the  timing  of  predator  arrival.  Smith 
(1966)  characterized  five  stages  of  the  typical  aphid 
population  cycle:  initiation,  exponential  growth, 
peak,  collapse  and  scarcity.  In  the  initiation  phase, 
immigrant  alatae  form  nuclear  colonies  on  plants  that 
have  recently  become  suitable  hosts;  aphids  remain  at 
low  density  for  some  time  because  alate  reproductive 
rate  is  low  and  many  die  prior  to  the  maturation  and 
reproduction  of  their  apterous  daughters.  Although 
rapid  recruitment  by  coccinellids  and  other  aphid  pred- 
ators at  this  time  can  have  great  impact  on  the  aphid 
population’s  growth  potential,  these  predators  may  not 
respond  in  any  numbers  until  aphid  density  reaches 
some  threshold,  and  the  timing  of  their  arrival  may 
hinge  on  the  distance  over  which  they  must  travel  from 
other  habitats  or  overwintering  sites.  It  has  been 
pointed  out  that  any  estimate  of  predator  impact  in 
established  aphid  colonies  must  be  accompanied  by 
some  estimate  of  aphid  reproduction  during  the  same 
period  in  order  to  be  meaningfully  interpreted  (Latham 
& Mills  2010).  If  natural  enemy  recruitment  is  either 
sparse  or  delayed,  the  aphid  population  enters  a phase 
of  exponential  growth  that  coincides  with  the  onset 
of  reproduction  by  large  numbers  of  maturing  apterae. 
Soon  thereafter,  a threshold  is  surpassed  beyond  which 
the  aphid  replacement  rate  far  exceeds  the  maximum 
rate  of  mortality  that  can  be  inflicted  by  natural 
enemies,  regardless  of  their  numbers,  and  biological 
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control  can  be  considered  to  have  failed.  Nevertheless, 
‘success’  for  coccinellids  is  not  measured  by  decimation 
of  the  aphid  population,  but  rather  by  achieving  repro- 
duction that  is  properly  synchronized  with  the  growth 
of  the  aphid  colonies  in  order  to  ensure  the  survival  of 
offspring  (Kindlmann  & Dixon  1993).  Thus,  females 
maximize  their  fitness  by  laying  as  many  eggs  as  pos- 
sible at  the  beginning  of  exponential  growth  phase,  the 
so-called  ‘oviposition  window’  (Dixon  2000),  so  that 
their  larvae  can  complete  development  during  the  peak 
phase  when  aphids  are  maximally  abundant.  This  is 
followed  by  the  decline  or  collapse  phase  when  the 
last  maturing  aphids  develop  into  alatae  and  disperse, 
and  then  finally  the  period  of  aphid  scarcity  that 
persists  until  a new  population  cycle  is  initiated,  either 
on  the  same  or  alternative  host  plants. 

From  the  perspective  of  biological  control,  three 
types  of  outcome  are  possible  for  each  aphid  popula- 
tion cycle,  Coccinellids  and  other  aphidophagous  pred- 
ators achieve  maximum  impact  if  they  arrive  early 
and  in  sufficient  numbers,  so  that  most  aphid  colo- 
nies are  eliminated  prior  to  the  exponential  growth 
phase.  This  is  the  anthropocentric  objective,  but  has 
adverse  consequences  for  the  coccinellid  population 
because  many  larvae  starve,  and  those  that  survive 
must  do  so  by  resorting  to  cannibalism  and  intraguild 
predation.  This  scenario  may  well  occur  more  often 
than  is  generally  recognized,  especially  in  non- 
agricultural  systems,  and  thus  contribute  to  a lack  of 
recognition  of  coccinellid  impact,  simply  because 
aphid  infestations  eliminated  in  such  early  stages 
often  go  unnoticed.  At  the  other  extreme,  impact  will 
be  negligible  if  coccinellids  arrive  too  late,  regardless 
of  their  numbers,  once  a large  proportion  of  aphid 
colonies  are  in  the  exponential  growth  phase.  In  many 
cases,  the  outcome  lies  somewhere  between  these 
extremes;  the  peak  phase  of  the  aphid  population  is 
suppressed  to  some  degree,  but  perhaps  not  to  the 
desired  level.  In  these  cases,  whether  impact  is  consid- 
ered sufficient  with  respect  to  biological  control  hinges 
entirely  on  the  economic  threshold  for  aphids  on  the 
particular  crop  plant.  Often,  the  threshold  is  too  low  to 
permit  a realistic  expectation  of  control  through  bio- 
logical means  alone,  despite  the  fact  that  the  potential 
for  coccinellid  impact  is  relatively  high.  Examples 
include  cases  of  direct  aphid  contamination  of  a con- 
sumer product  (e.g.  the  lettuce  aphid,  Nasonovia  rilris- 
nigri),  and  where  aphids  vector  an  important  plant 
disease  (e.g.  Myzus  persicae  vectoring  potato  leaf  roll 


virus).  Thus,  from  the  perspective  of  pest  management, 
coccinellid  impact  is  relative:  it  may  be  substantial  in 
terms  of  aphid  population  reduction  and  still  fall  short 
of  economic  requirements. 

10.2  ASSAYS  OF  CONSUMPTION 

There  have  been  many  efforts  to  quantify  the  vorac- 
ity of  coccinellid  species  as  an  indication  of  their 
potential  impact.  Bankowska  et  al.  (1978)  measured 
food  consumption  of  coccinellids  in  the  laboratory 
and  then  multiplied  these  values  by  the  numbers 
of  beetles  observed  in  alfalfa  fields  to  estimate  their 
impact  on  aphid  populations.  Laboratory  studies  of 
coccinellid  development  and  reproduction  on  particu- 
lar prey  species  are  useful  for  inferring  their  potential 
impact  on  prey  populations  (e.g.  Michaud  2000, 
Uygun  & Atlhan  2000,  Michaud  & Olsen  2004, 
Omkar  & James  2004,  Mignault  et  al.  2006)  and  for 
predicting  functional  and  numerical  responses  (Mack 
& Smilowitz  1982,  Atlhan  & Ozgokce  2002,  Butin 
et  al,  2003).  However,  coccinellid  foraging  efficiency 
on  a particular  prey  may  vary  as  function  of  plant 
architecture  (e.g.  Clark  & Messina  1998;  5. 3. 1.1) 
such  that  consumption  rates  measured  off  plants 
may  yield  unrealistic  results  (e.g.  Corlay  et  al.  2007). 
Coccinellid  life  tables  can  be  compiled  from  labora- 
tory feeding  data  (e.g.  Liu  et  al.  1997,  Lopez  et  al, 
2004)  but  their  relevance  to  nature  is  low  unless  sur- 
vival rates  are  known  for  different  life  stages  in  the  field 
(e.g.  Kirby  & Ehler  1977).  In  general,  mortality  of 
coccinellid  eggs  and  larval  stages  is  likely  much  higher 
in  the  field  than  in  the  laboratory  due  to  factors  such 
as  disease,  intraguild  predation,  cannibalism,  resource 
limitation,  etc.  Furthermore,  their  impact  may  be 
reduced  by  factors  such  as  emigration,  consumption  of 
alternative  prey,  and  climatic  factors  such  as  wind  and 
rain  that  limit  foraging  activity.  Since  laboratory 
consumption  assays  are  usually  thought  to  generate 
upper  limit  estimates  of  impact  potential,  they  comple- 
ment direct  field  observations,  but  cannot  substitute 
for  them. 

Latham  and  Mills  (2009)  compared  assays  of 
plum  aphid,  Hyalopterus pruni,  consumption  by  various 
predators,  both  in  the  laboratory  and  in  the  field, 
and  found  significant  discrepancies  between  the  esti- 
mates generated.  The  authors  reviewed  possible 
sources  of  experimental  error  that  could  account  for 
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their  results,  in  particular  several  that  could  have  led 
to  overestimates  of  consumption  in  the  field.  They  also 
pointed  out  the  importance  of  distinguishing  between 
the  amount  of  biomass  killed  versus  the  amount 
consumed.  The  latter  value  was  significantly  less  than 
the  former  when  the  predator  was  Chrysopa  nigricornis, 
but  only  slightly  less  in  the  case  of  Hai:  axyridis, 
leading  the  authors  to  infer  that  consumption  assays 
in  laboratory  arenas  were  vulnerable  to  generating 
underestimates  of  predator  impact,  in  contrast  to  the 
conventional  assumption. 

10.3  INDIRECT  IMPACTS 

Foraging  coccinellids  may  disturb  aphid  colonies 
directly  by  bumping  into  aphids,  and  indirectly  by 
stimulating  release  of  the  aphid  alarm  pheromone 
P-farnesene  (5. 3. 1.2),  causing  adjacent  aphids  to 
abandon  their  feeding  sites  and  incur  costs  in  terms  of 
growth  and  development  (Nelson  2007).  Whereas 
factors  such  as  wind  and  rain  can  forcibly  dislodge 
aphids  from  plants  (Cannon  1986,  Mann  et  al.  1995), 
an  aphid's  propensity  to  drop  voluntarily  in  response 
to  disturbance  varies  considerably  depending  on  its 
species,  growth  stage,  and  feeding  habits.  Some  species 
use  quick  dropping  as  an  escape  response  (5.3.2),  e.g. 
Acyrthosiphmn  pisuin  (Francke  et  al.  2008)  and  Macro- 
siphum  euphorbiae  (J.P.M.,  unpublished),  whereas 
others  may  feed  with  their  stylets  so  deeply  imbedded 
in  plant  material  that  quick  release  of  the  plant  is  dif- 
ficult, e.g.  Aphis  fabae  and  Toxoptem  citricidus.  Among 
species  that  drop  readily  in  response  to  disturbance,  it 
has  been  estimated  that  more  aphids  may  be  killed  by 
disturbance  than  are  actually  consumed  by  the  forag- 
ing beetle  (Roitberg  et  al.  1979,  Day  et  al.  2006). 
Aphids  exposed  to  alarm  pheromone  may  be  reluctant 
to  climb  back  onto  plants  (Klingauf  1976)  and  crop 
cultivars  expressing  antibiosis  may  increase  the  pro- 
pensity of  aphids  to  drop  (e.g.  Cowling  & van  Emden 
1994),  thus  synergizing  the  impact  of  foraging  coc- 
cinellids. Aphids  dislodged  from  plants  may  succumb 
to  the  action  of  physical  factors  such  as  heat  and  desic- 
cation on  exposed  soil  (Roitberg  & Myers  1979)  or  be 
consumed  by  other  ground-dwelling  predators  before 
they  can  recover  their  host  plant  (Winder  1990,  Losey 
& Denno  1998a).  Thus,  laboratory  measurements 
of  prey  consumption  rates  may  also  underestimate 
various  indirect  impacts  of  coccinellids  on  prey  popula- 
tions in  the  field  (McConnell  & Kring  1990). 


Historically,  classical  biological  control  pro- 
grammes have  often  failed  to  adequately  quantify  the 
impact  of  released  species  following  their  establish- 
ment (Van  Driesche  & Hoddle  2000).  Projects  could  be 
deemed  successful  on  the  basis  of  indirect  indicators 
of  economic  benefit  such  as  declining  pest  populations, 
reductions  in  pesticide  usage  and  even  diminishing 
numbers  of  public  complaints  about  the  pest.  In  actu- 
ality, such  indirect  measures  can  be  driven  by  various 
factors  other  than  the  impact  of  specific  natural 
enemies.  Ideally,  discrete  populations  of  pest  and  pred- 
ator should  be  monitored  for  several  years  at  a variety 
of  sites,  including  a series  without  coccinellid  releases 
(e.g.  Van  Driesche  et  al.  1998).  In  augmentation  pro- 
grammes, some  assumptions  regarding  the  per  capita 
impact  of  a coccinellid  species  are  implicit  since  release 
rates  and  intervals  must  be  selected.  However,  these 
are  most  often  arrived  at  by  trial  and  error  rather 
than  being  interpolated  from  quantitative  data  (van 
Lenteren  2000). 

10.4  TRADITIONAL  APPROACHES  TO 
THE  STUDY  OF  PREDATION 

Luck  et  al.  { 1 9 8 8 ) outlined  six  general  techniques  for 
evaluating  the  impact  of  biological  control  agents  in 
the  field,  pointing  out  the  limitations  of  each  and  the 
merits  of  combining  different  tactics.  (See  also  an 
earlier  review,  Hodek  et  al.  1972.)  Of  these  traditional 
approaches,  the  most  useful  for  assessing  coccinellid 
impact  have  probably  been  direct  observation  and 
exclusion.  Most  coccinellid  species  are  sufficiently 
conspicuous  to  make  direct  observation  of  their  activi- 
ties feasible,  although  this  is  not  true  in  all  cases. 
Whereas  most  aphidophagous  species  lay  brightly  col- 
oured eggs  in  conspicuous  clusters  in  the  open,  cocci- 
dophagous  species  typically  lay  eggs  singly  in  concealed 
locations,  making  it  more  difficult  to  assess  their  repro- 
ductive activity  in  the  field,  van  Emden  (1963)  devel- 
oped a technique  for  re-visiting  marked  colonies  of 
Brevicoryne  bmssicae  to  infer  the  intensity  of  mortality 
inflicted  by  different  aphid  natural  enemies.  A similar 
approach  of  re-iterative,  non-destructive  sampling  was 
used  by  Michaud  (1999)  to  infer  the  relative  impor- 
tance of  various  sources  of  mortality  to  T.  citricidus 
colonies  on  citrus  terminals. 

Frazer  and  Gilbert  (1976)  maintained  that  all 
practical  methods  for  counting  coccinellids  in  the 
field  substantially  underestimated  their  actnal 
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abundance.  Actively  foraging  individuals  are  more 
likely  to  be  observed  and  satiated  individuals  more 
likely  to  be  resting  in  concealed  locations  and  therefore 
overlooked  (Frazer  1988).  The  efficacy  of  direct  obser- 
vation can  also  be  greatly  affected  by  the  nature  of  the 
plant  and  the  opportunities  for  concealment  it  offers, 
the  time  of  day,  prevailing  weather  conditions  and  any 
other  factors  affecting  coccinellid  activity.  Different 
sampling  methods  may  also  give  different  results  for 
different  species  and  life  stages  within  the  same  crop 
and  the  most  efficient  methods  may  vary  between 
crops  (Elliott  & Michels  1997,  Michels  et  al.  1997). 
Thus,  efforts  to  sample  coccinellids  must  be  carefully 
tailored  to  suit  a particular  situation  and  take  into 
account  the  structure  of  the  prey-bearing  plant,  its 
stage  of  development,  and  differences  in  detectability 
among  life  stages.  Since  coccinellids  are  diurnal 
(5. 4. 1.1),  nocturnal  observations  are  not  required  to 
detect  them,  although  they  may  be  needed  to  deter- 
mine the  full  range  of  predators  contributing  to  prey 
mortality  (Pfannenstiel  & Yeargan  2002). 


10.4.1  Selective  exclusion 

Selective  exclusion  is  the  method  most  often  used  for 
measuring  coccinellid  impact  under  field  conditions, 
likely  because  many  of  their  prey  are  comparatively 
sessile  and  thus  well  suited  for  field  cage  studies,  ft  is 
often  possible  to  select  a mesh  size  to  permit  the  selec- 
tive entry  or  exclusion  of  specific  natural  enemies. 
Sticky  barriers  can  also  be  judiciously  applied  to  selec- 
tively exclude  ants  or  other  non-flying  arthropods. 
Xiao  and  Fadamiro  (2010)  used  a combination  of  bar- 
riers and  exclusion  cages  to  attribute  mortality  of 
citrus  leafminer.  Phyllocnistis  citrella,  in  mandarin 
orange  groves  proportionally  among  various  parasi- 
toids  and  predators,  including  Hai:  axyridis.  Exclusion 
studies  can  produce  convincing  data  (e.g.  Morris 
1992),  especially  when  one  predatory  species  is  clearly 
dominant,  although  data  can  be  more  ambiguous 
when  multiple  predator  species  are  involved  (Cham- 
bers et  al.  1983,  Hopper  et  al.  1995).  Exclusion  cages 
have  often  been  successfully  used  on  aphid  colonies  to 
generate  estimates  of  coccinellid  impact  in  situations 
where  they  are  the  dominant  predators  (Cherry  & 
Dowell  1979,  Kring  et  al.  1985,  Liao  et  al.  1985,  Rice 
& Wilde  1988,  Nechols  & Harvey  1998,  Lee  et  al. 
2005).  For  example,  Wells  et  al.  (1999)  used  a combi- 
nation of  partial  and  total  exclusion  treatments  to 


Figure  10.1  Exclusion  cages  mounted  in  an  alfalfa  field  to 
determine  impact  of  coccinellid  species  feeding  on  pea 
aphids,  Acyrthosiphon  piswn  (photo:  Edward  Evans).  (See 
colour  plate.) 


demonstrate  the  key  role  of  Scymmis  sp.  in  suppressing 
Aphis  gossypii  populations  on  cotton  in  the  coastal 
plain  of  Georgia,  USA.  The  study  conducted  by  Winder 
(1990)  used  polyethylene  barriers  to  exclude  generalist 
epigeal  predators,  primarily  carabids  and  linyphiid 
spiders,  and  estimate  their  contribution  to  mortality 
of  S.  avenae  on  wheat  plants,  separately  from  aphid- 
specific  predators.  Innovative  traps  were  deployed  to 
assess  the  rates  at  which  dislodged  aphids  regained 
plants  and  demonstrate  that  polyphagous  ground 
predators  reduced  their  survival. 


10.4.2  Field  cages 

Exclusion  studies  in  field  crops  typically  require  the 
installation  of  large  cages  anchored  to  the  ground  and 
enclosing  multiple  plants  (Fig.  10.1).  In  this  manner, 
Costamagna  and  Landis  (2006,  2007)  used  direct 
observations  in  field  cages  to  quantify  collective 
predation  impact  by  coccinellid  species  on  Aphis  gly- 
cines relative  to  other  predators  in  soybean.  Selective 
exclusion  of  large  coccinellid  species  (primarily  Hai: 
axyridis  and  C.  septempunctata  revealed  that  they 
exerted  a disproportionate  amount  of  pest  suppression 
(Costamagna  et  al.  2008).  On  trees  or  shrubs,  it  may 
be  sufficient  to  enclose  infested  branches  or  terminals. 
Michaud  (2004)  used  exclusion  cages  to  monitor  the 
survival  of  immature  Asian  citrus  psyllid,  Diaphorina 
citri,  on  expanding  citrus  terminals  (Fig.  10.2).  This 
technique  was  effective  in  quantifying  collective 
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Figure  10.2  An  exclusion  cage  designed  for  assessing 
impact  of  coccinellids  and  other  natural  enemies  on  aphids 
and  psyllids  infesting  expanding  grapefruit  terminals.  The 
cage  is  constructed  from  a clear  plastic  2-litre  soda  bottle 
with  mesh  sleeves  attached  to  either  end  with  silicone  and 
fastened  to  the  branch  with  a length  of  wire  secured  to  the 
inside  of  the  bottle  with  packing  tape.  The  sleeve  mesh  can 
be  selected  to  permit  the  passage  of  particular  insects  (in 
this  case,  parasitoids),  while  excluding  larger  ones 
(coccinellids).  The  basal  sleeve  is  attached  tightly  around  the 
branch  with  a zip  tie;  the  terminal  sleeve  is  sufficiently  long 
to  permit  unimpeded  growth  of  the  shoot  for  2-3  weeks  and 
can  be  untied  to  permit  periodic  access  and  counting  of 
insects  (photo:  J.P.  Michaud).  (See  colour  plate.) 


predator  impact  caused  primarily  by  four  coccinellid 
species  separately  from  that  of  the  introduced  parasi- 
toid  Tamarixia  radiata.  Although  the  various  sources  of 
juvenile  psyllid  mortality  could  not  be  fully  partitioned, 
the  comparative  importance  of  ladybird  species  could 
be  inferred  from  their  relative  abundance  and  the  fact 
that  their  exclusion  improved  psyllid  survival  by  a 
factor  of  140  (Fig.  10.3).  In  addition,  it  was  determined 
that  parasitoid  immatures  suffered  >95%  mortality 
within  their  psyllid  hosts  as  a consequence  of  intraguild 
predation  by  the  coccinellids.  Subsequently,  Qureshi 
and  Stansly  (2009)  applied  a similar  approach  in  south 
Florida  and  obtained  similar  results. 

All  forms  of  enclosure  modify  the  physical  envi- 
ronment, typically  increasing  temperature,  reducing 
illumination  and  air  flow,  and  providing  some  degree 
of  unnatural  protection  from  physical  stresses  such  as 
wind  and  rain.  This  is  sometimes  addressed  by  includ- 
ing a partial  exclusion  treatment  to  reproduce  the 


(exposed)  (pro(e<ded) 


Figure  10.3  Mean  numbers  of  first  instar  psyiiid  nymphs 
per  grapefruit  terminai  and  the  numbers  maturing  to 
aduithood  with  and  without  exciusion  of  four  coccineiiid 
species  (summarized  from  Michaud  2004). 


environmental  effects  of  the  cage  while  permitting  the 
entry  of  natural  enemies.  However,  physical  enclosure, 
whether  partial  or  complete,  often  results  in  significant 
changes  in  plant  growth  form,  creating  the  potential 
for  indirect  effects  on  the  prey  population.  The  use  of 
exclusion  cages  on  aphids  may  also  result  in  the  trap- 
ping of  alatae  and  thus  lead  to  artificially  elevated 
populations  through  forced  re-infestation  of  the  same 
plants  (Lee  et  al.  2005).  Studies  that  exclude  coccinel- 
lids from  plants  naturally  infested  with  their  prey  are 
always  preferable  to  those  where  infestations  are  arti- 
ficially established,  although  this  is  sometimes  a neces- 
sity. Artificial  infestations  entail  two  significant 
risks;  the  plants  infested  manually  may  vary  in  quality 
in  ways  not  evident  to  the  researcher,  and  laboratory- 
raised  insects  may  be  unduly  stressed  when  they  are 
moved  from  protected  rearing  environments  to  the 
field.  Exclusion  of  coccinellids  can  also  be  accom- 
plished with  insecticide  treatments  (e.g.  Annecke 
et  al.  1969)  but  these  are  often  difficult  to  implement 
without  affecting  pest  populations. 

10.4.3  Cage  inclusion 

Cage  inclusion,  as  opposed  to  exclusion,  where  pred- 
ators are  added  to  cages,  has  also  been  used  to  quantify 
coccinellid  impact  in  the  field.  For  example,  Cudjoe 
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et  al.  (1992)  used  selective  cage  inclusion  and  exclu- 
sion to  quantify  the  relative  impacts  of  the  indigenous 
predator  Parexochomus  troberti  and  the  exotic  parasi- 
toid  Anagyrus  lopezi  on  colonies  of  the  cassava  mealy- 
bug, Phenacoccus  manihoti,  in  Ghana.  Butin  et  al. 
(2003)  demonstrated  the  proportionally  greater 
impact  on  Adelges  tsugae  of  Scymims  ningshanensis 
compared  to  Sasajiscymnus  (=  Pseudoscymnus)  tsugae 
by  caging  colonies  of  the  adelgid  in  the  field  with 
and  without  each  of  the  two  predators.  Such  studies 
generate  inferences  on  potential  coccinellid  impact 
derived  from  relative  comparisons  of  species-specific 
functional  and  numerical  responses  in  a closed 
system,  but  they  have  few  advantages  over  laboratory 
studies  because  they  ignore  searching  efficiency  and 
exclude  important  factors  such  as  emigration  and 
intraguild  predation.  However,  they  may  be  useful  for 
assessing  impact  potential  when  the  provision  of  prey 
is  difficult  to  achieve  in  the  laboratory,  or  when  particu- 
lar natural  enemy  interactions  are  of  interest.  For 
example,  Straub  and  Snyder  (2006)  infested  potato 
plants  with  M.  persicae  in  field  cages  and  then  inocu- 
lated them  with  various  predator  combinations. 

10.4.4  Manual  removal 

One  alternative  to  exclusion  cages  is  the  manual 
removal  of  immature  coccinellid  life  stages  from  a frac- 
tion of  infested  host  plants  to  compare  the  subsequent 
survival  and  growth  of  prey  colonies  with  and  without 
predator  removal.  This  technique  was  used  effectively 
by  Berthiaume  et  al.  (2000)  to  demonstrate  the  impact 
of  Anatis  mali  on  Mindarus  abietinus  infesting  balsam  fir 
(Abies  balsamea)  in  Christmas  tree  plantations.  The  fea- 
sibility of  this  approach  may  depend  to  some  degree  on 
host  plant  architecture  and  the  ease  of  discovery  of  egg 
masses,  but  it  has  the  advantage  of  high  selectivity  and 
not  interfering  with  secondary  sources  of  prey  mortal- 
ity. However,  manual  removal  of  immature  stages  will 
underestimate  impact  whenever  predation  by  tran- 
sient adults  is  significant.  Rates  of  coccinellid  recruit- 
ment to  various  host  plant-prey  combinations  can  also 
be  assessed  using  sentinel  prey  on  potted  plants  in  a 
trap-line  approach.  A useful  method  for  sampling 
potential  parasites  and  predators  is  placing  aphid  colo- 
nies in  the  field  and  periodically  collecting  all  natural 
enemies  that  arrive  to  attack  them.  Natural  enemies  of 
Aphis  fabae  were  thus  sampled  in  Germany  (Muller 
1966)  and  of  Schizaphis  gmminum  in  the  Czech 


Republic  (Stary  & Gonzalez  1992).  Although  impact  is 
not  quantified  with  this  technique,  it  is  effective  for 
assessing  functional  responses  of  coccinellid  species 
and  measuring  the  speed  of  prey  patch  discovery. 
Michaud  and  Belliure  (2000)  infested  young  citrus 
trees  with  various  numbers  of  T.  citricidus  and  revisited 
them  daily  for  a period  of  weeks  to  tally  the  growth 
trajectories  of  aphid  colonies  and  rates  of  natural 
enemy  recruitment.  Similarly,  Noma  et  al.  (2005) 
placed  pots  of  wheat  infested  with  D.  noxia  in  a series 
of  field  locations  for  2-7  day  periods  and  then  collected 
them  to  assess  predation  and  parasitism.  Although  this 
approach  was  more  effective  for  assessing  parasitism, 
predatory  larvae  were  also  recovered.  This  approach 
could  be  used  to  estimate  rates  of  prey  discovery  by 
coccinellids,  but  would  more  require  frequent  observa- 
tions to  detect  transient  visitation,  or  the  use  of  trap 
plants  with  sufficiently  large  numbers  of  prey  to  stimu- 
late oviposition  by  adult  females. 

10.5  STATISTICAL  APPROACHES 

Chambers  and  Aikman  (1988)  discussed  the  advan- 
tages and  limitations  of  four  different  analytical  pro- 
cedures for  estimating  the  extent  to  which  predation 
was  responsible  for  observed  changes  in  aphid  densi- 
ties. Various  regression  techniques  are  often  used  to 
analyze  patterns  of  coccinellid  abundance  in  relation 
to  that  of  their  prey,  both  spatially  and  temporally  (e.g, 
Rautapaa  1972,  Elliott  et  al.  1999,  Kriz  et  al.  2006). 
Regression  models  that  incorporate  plant  growth 
stage  and  counts  of  predators  and  prey  can  be  used  to 
forecast  whether  the  pest’s  economic  injury  threshold 
will  be  surpassed  based  on  a current  data  sample  from 
the  field.  This  approach  can  be  of  practical  value  for 
guiding  management  decisions  and  providing  indica- 
tions of  the  collective  impact  of  coccinellid  assem- 
blages on  their  prey  at  particular  stages  of  crop  growth 
or  season.  The  limitation  of  such  correlational  analy- 
ses is  that  causal  relationships  are  not  necessarily 
implied  and  no  information  is  generated  with  respect 
to  underlying  mechanisms. 

It  is  possible  to  construct  life  tables  for  herbivores 
that  partition  mortality  by  life  stage  and  then  use  key 
factor  analysis  to  quantify  the  proportion  of  variance 
in  abundance  that  is  attributable  to  various  submor- 
talities, including  coccinellid  predation  (Manly  1990, 
Dent  1997).  This  approach  has  not  been  used  exten- 
sively to  assess  coccinellid  impact,  possibly  because 
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actual  rates  of  prey  removal  can  be  difficult  to  assess 
and  attribute  to  particular  species,  and  without  reliable 
estimates  in  this  regard,  the  approach  has  little  advan- 
tage over  other  regression  techniques.  Podoler  et  al. 
(1979)  constructed  partial  life  tables  for  black  olive 
scale,  Saissetia  oleae,  that  revealed  Chil.  bipustulatus  to 
be  a key  mortality  factor  for  immature  stages.  Similarly, 
Hamilton  et  al.  (1987)  used  a life  table  approach  to 
infer  significant  impact  of  coccinellid  predation  on 
numbers  of  S.  grmninum  on  grain  sorghum  in  central 
Missouri,  USA.  Life  tables  constructed  for  cereal  leaf 
beetle,  Oidema  melanopus,  (Shade  et  al.  1970)  and 
citrus  black  fly,  Aleurocanthus  woglumi,  (Cherry  & 
Dowell  1979)  also  implicated  coccinellid  predation  as 
key  mortality  factors  for  these  pests. 


10.6  RESOLVING  COCCINELLID 
IMPACT  WITHIN  COMPLEX 
COMMUNITIES 

Since  coccinellids  may  serve  as  either  intraguild 
predators  or  intraguild  prey  (Chapter  7),  interactions 
between  coccinellid  species,  and  between  coccinellids 
and  other  natural  enemy  taxa,  may  serve  to  either  en- 
hance or  diminish  herbivore  suppression.  For  example, 
coccinellids  often  consume  aphid  parasitoids  in  their 
larval  form  (5.2.7)  and  this  has  been  construed  to 
impede,  rather  than  assist,  aphid  control  in  systems 
where  parasitism  is  inferred  to  be  a key  source  of  mor- 
tality (Colfer  & Rosenheim  1995,  Ferguson  & Stiling 
1996).  In  some  cases,  intraguild  predation  may  have 
little  or  no  effect  on  herbivore  suppression  (i.e.  Snyder 
& Ives  2003)  whereas  in  others,  the  role  of  coccinellids 
as  key  predators  can  more  than  counter  their  negative 
impact  as  intraguild  predators  of  parasitoids  (Michaud 
2004,  Gardiner  & Landis  2007). 

Tamaki  and  Weeks  (1972)  showed  that  the  addition 
of  C.  transversoguttata  improved  control  of  M.  persicae 
by  predatory  Hemiptera  (Geocoris  bullatus  and  Nabis 
americoferus)  on  caged  sugar  beet  plants  in  a green- 
house, one  of  the  first  illustrations  of  how  coccinellid 
predation  can  complement  other  biotic  sources  of  mor- 
tality (Fig.  10.4).  It  has  been  pointed  out  that  coccinel- 
lids are  mobile  predators  that  respond  well  to  prey 
aggregations,  whereas  more  sedentary,  resident 
predators  such  as  earwigs  {Forficula  spp.)  are  more 
likely  to  respond  to  aphid  colonies  early  in  the  estab- 
lishment phase  when  the  proportional  impact  of 


predation  is  much  higher  (Pinol  et  al.  2009).  The  latter 
authors  used  simulation  modelling  to  explore  the  inter- 
actions of  significant  parameters  affecting  aphid  popu- 
lation dynamics  in  a citrus  grove  that  could  give  rise  to 
the  patterns  of  abundance  observed. 

10.6.1  Multi-species  combinations 

Many  recent  studies  have  sought  to  determine  whether 
other  multi-species  combinations  including  one  or 
more  coccinellids  either  facilitate  or  impede  the  sup- 
pression of  prey  populations,  and  have  yielded  a wide 
range  of  results.  Negative  effects  can  arise  via  intraguild 
predation  or  foraging  interference,  whereas  positive 
effects  can  be  generated  by  spatial  or  temporal  niche 
partitioning  among  predatory  species.  These  include 
the  differential  use  of  prey  life  stages,  preferences  for 
foraging  on  different  plant  parts,  or  variation  in  diurnal 
or  seasonal  activity.  Losey  and  Denno  (1998b)  used  a 
combination  of  laboratory  and  field  studies  to  show  a 
synergistic  impact  of  C.  septempunctata  and  the  carabid 
Harpalus  pennsylvanicus  on  pea  aphids  that  was  double 
the  sum  of  their  individual  predation  impacts.  Simi- 
larly, Cardinale  et  al.  (2003)  demonstrated  a ‘super- 
additive’ effect  of  multiple  natural  enemies  {Hai: 
axyridis,  Nabis  sp.  and  Aphidius  ervi)  on  populations  of 
A.  pisum  caged  on  alfalfa.  In  contrast,  Cardinale  et  al. 
(2006)  inferred  interference  interactions  among  adult 
Har.  axyridis,  C.  septempunctata  and  Col.  maculata  based 
on  a lower  level  of  aphid  suppression  when  all  three 
were  present  together  than  would  be  expected  based  on 
the  sum  of  their  effects  when  foraging  alone.  Straub 
and  Snyder  (2008)  manipulated  natural  enemy  diver- 
sity (Aphidius  matricariae,  C.  septempunctata,  Hip.  con- 
vergens  and  Nabis  sp.)  in  field  cages  of  potatoes  and 
collards  infested  with  M.  persicae.  Their  findings  sug- 
gested that  the  identity  of  species  within  predator  com- 
munities was  more  important  for  aphid  control  than 
species  richness,  per  se,  and  that  the  coccinellid  com- 
ponent (C.  septempunctata  and  C.  transversoguttata)  had 
the  greatest  impact  on  aphid  numbers.  The  authors 
concluded  that  increased  natural  enemy  diversity 
strengthened  aphid  snppression  because  intraspe- 
cific competition  was  stronger  than  interspecific  com- 
petition among  predator  species  due  to  resource 
partitioning.  Snyder  (2009)  reviewed  predator  diver- 
sity studies  that  included  one  or  more  coccinellid 
species  and  concluded  that  positive  effects  of  increas- 
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Figure  10.4  Effectiveness  of  three  predators,  used  alone  or  in  combination,  against  populations  of  the  green  peach  aphid 
(after  Tamald  and  Weeks  1972). 


ing  predator  diversity  were  generally  more  common 
than  negative  ones.  Thus,  coccinellids  are  emerging  as 
potentially  key  predators  that  often  act  within  a larger 
guild  of  natural  enemies,  the  full  complement  of  which 
may  be  required  to  provide  acceptable  levels  of  pest 
suppression. 

10.6.2  Demographic-based  estimates 

In  an  effort  to  resolve  the  issue  of  aphid  reproduction 
confounding  the  rate  of  removal  by  predators,  Latham 
and  Mills  (2010)  compared  what  they  termed 
'demographic-based'  versus  ‘observation-based’  esti- 
mates of  mealy  plum  aphid  predation  in  California. 
The  latter  represents  a truly  novel  approach  to 


assessing  predator  impact,  albeit  one  requiring  a large 
investment  in  baseline  observations.  Periodic  counts  of 
aphids  and  predators  throughout  the  season  were  used 
to  estimate  aphid  abundance  and  predator  densities,  by 
species  and  life  stage,  that  were  then  expressed  in  terms 
of  leaf  area  on  particular  dates.  Consumption  rates 
were  estimated  for  larval  and  adult  predators  of  each 
species  based  on  direct  observation.  Since  the  preda- 
tors were  diurnal  (with  the  exception  of  adult  Chrysopa 
nigricornis),  their  period  of  activity  was  assumed  to  cor- 
respond to  actual  day  length.  The  proportion  of  time 
spent  feeding  was  estimated  from  a series  of  point 
observations  in  the  field,  and  the  time  required  to 
consume  an  aphid  estimated  from  laboratory  observa- 
tions. Collectively,  this  information  was  used  to  gener- 
ate an  estimate  of  aphid  predation  per  unit  of  leaf  area 
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on  all  sampling  dates  that  could  be  compared  to  the 
demographic  estimate  of  aphid  population  dynamics. 
The  latter  was  obtained  from  a simple  model  of  aphid 
population  growth  using  estimates  of  intrinsic  rate  of 
increase  obtained  from  field  cages  from  which  preda- 
tors were  excluded.  Despite  the  numerous  sources  of 
error  inherent  in  this  approach  (thoroughly  enumer- 
ated by  the  authors),  the  study  confirmed  an  intuitive 
inference:  the  guild  of  predators  (including  Har. 
axyridis)  were  neither  numerous  enough  nor  voracious 
enough  to  effect  directional  changes  in  aphid  popula- 
tion dynamics,  nor  suppress  the  aphids  below  econom- 
ically damaging  levels,  although  they  were  able  to 
influence  the  rate  of  population  growth  or  decline  at 
some  points  in  the  cycle. 

Our  knowledge  of  coccinellid  nutritional  ecology 
has  been  greatly  advanced  by  laboratory  feeding 
studies  that  have  tested  the  suitability  of  prey  species 
for  development  and  reproduction  (5.2).  However,  our 
understanding  of  why  coccinellids  are  and  are  not 
effective  in  suppressing  prey  populations  would  benefit 
from  more  complete  knowledge  of  the  full  range  of 
foods  that  species  actually  utilize  under  natural  condi- 
tions (5. 2. 5,  5. 2. 9).  Direct  observation  yields  only  frag- 
mentary information  in  this  regard,  and  one  alternative 
is  to  dissect  specimens  and  examine  gut  contents  (Ricci 
et  al,  1983,  Mendel  et  al.  1985,  Triltsch  1997;  5.2.1) 
or  attempt  to  identify  prey  fragments  in  frass  (Davidson 
& Evans  2010).  Fortunately,  newly  developed  molecu- 
lar techniques  have  considerably  enhanced  our  ability 
to  identify  prey  types  within  gut  contents  beyond 
simple  visual  recognition  of  body  parts.  Since  these 
techniques  tend  to  yield  only  qualitative  information, 
their  value  in  aiding  determinations  of  coccinellid 
impact  on  herbivores  lies  in  complementing  other  tech- 
niques that  yield  more  quantitative  measures. 

10.7  POST-MORTEM  ANALYSIS 
OF  PREDATION 

Techniques  for  elucidating  predator-prey  interactions 
in  the  field  have  received  considerable  attention  in 
recent  years  (reviewed  by  Symondson  2002,  Sheppard 
& Harwood  2005,  Harwood  & Greenstone  2008, 
Weber  & Lundgren  2009).  These  reviews  have,  to  some 
extent,  superseded  earlier  assessments  of  post-mortem 
techniques  (e.  g.  Kiritani  & Dempster  1973,  Boreham  & 
Ohiagu  1978,  Washino  STempelis  1983,  Sunderland 
1988,  1996,  Greenstone  1996)  due  to  the  rapidly 


advancing  nature  of  molecular  biology  and  biochem- 
istry. However,  the  over-riding  consensus  has  been  that 
post-mortem  analyses  offer  valuable  insights,  and 
sometimes  advantages,  for  studying  the  ecology  and 
impact  of  predator  communities  (including  coccinel- 
lids) in  complex  environments.  Despite  a proliferation 
in  the  use  of  molecular  approaches  in  ecology,  the 
extent  to  which  predation  can  be  'quantified’  by  such 
techniques  remains  controversial. 


10.7.1  Antibody-based  analysis 
of  predation 

Vertebrate  antibodies  have  been  used  since  the  1940s 
to  qualify  the  presence  (or  absence)  of  target  prey  in 
predator  guts  (Brooke  & Proske  1946).  Brooke  and 
Proske  (1946)  developed  a polyclonal  antibody  in 
rabbits  to  identify  trophic  relationships  between  Anoph- 
eles quadrimaculatus  and  its  natural  enemies  using  a 
precipitin  test.  Although  the  specificity  of  the  assay 
was  too  general  to  enable  species-level  elucidation  of 
trophic  relationships  (the  antiserum  was  reported  to  be 
‘order-specific’),  this  study  provided  the  groundwork 
for  the  subsequent  adoption  of  serology  as  the  tool  of 
choice  for  predator-prey  research  throughout  the 
latter  half  of  the  twentieth  century.  Subsequent  studies 
documented  predation  upon  a diverse  spectrum  of 
prey  with  specificity  reported  at  the  level  of  order, 
family,  genus  and  species  (see  Greenstone  1996  for  a 
review).  However,  despite  the  plethora  of  studies  diag- 
nosing predation  in  the  field  using  polyclonal  antisera, 
it  is  surprising  how  few  have  focused  on  food  relations 
of  the  Coccinellidae.  fn  contrast,  considerable  atten- 
tion has  been  directed  towards  examining  ecological 
interactions  between  the  Carabidae,  Araneae  and 
Hemiptera  and  their  prey  (see  Boreham  & Ohiagu 
1978,  Sunderland  1988,  1996,  Greenstone  1996). 
Enzyme-linked  immunosorbent  assay  (ELISA) 
technology  (Fig.  10.5)  relies  of  the  binding  of  prey- 
specilic  antibodies  to  target  antigen  and  subsequent 
visualization  of  the  reaction  using  a spectrophotome- 
ter to  signify  the  presence  (or  absence)  of  prey  material 
within  each  ELISA  plate  well.  The  ELISA  format  offers 
a rapid,  cost-effective  and  widely  adopted  approach  for 
food  web  studies. 

Early  serological  laboratory  experiments  illustrated 
their  utility  for  evaluating  coccinellid  predation  (Pet- 
tersson  1972),  and  Whalon  and  Parker  (1978)  dem- 
onstrated that  a polyclonal  antiserum  developed  in 
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Figure  10.5  A 96-well  microtitre  plate  following  enzyme- 
linked  immunosorbent  assay.  The  amount  of  antigen- 
antibody  binding  is  signified  by  the  intensity  of  the  reaction; 
absorbance  is  typically  monitored  by  spectrophotometer  to 
infer  qualitative  (and  occasionally  semi-quantitative) 
assessments  of  predation  (photo:  James  Harwood).  (See 
colour  plate.) 


rabbits  could  detect  Lygus  lineolaris  proteins  in  Col. 
maculata  for  42  hours  after  consumption.  However,  it 
was  the  study  of  Vickerman  and  Sunderland  (1975) 
that  provided  the  first  insight  into  coccinellid  feeding 
behaviour  in  the  field.  Traditionally,  the  adoption  of 
gut  dissection  relied  on  the  successful  identification  of 
indigestible  remains  of  prey  in  coccinellid  guts  (Forbes 
1883,  Eastop  & Pope  1969,  Ricci  1986,  Ricci  & Ponti 
2005,  Ricci  et  al.  2005)  or  faecal  samples  (Honek 
1986),  but  Vickerman  and  Sunderland  (1975) 
screened  over  200  species  of  predators,  including  four 
coccinellids,  collected  by  sweep  netting  and  vacuum 
sampling  in  spring  barley  fields  in  the  United  Kingdom. 
High  levels  of  predation  upon  Metopolophium  festiwae 
and/or  Sitobion  avenae  were  documented  using  a pre- 
cipitin test  (Fig.  10.6).  The  use  of  antisera  to  confirm 
consumption  of  specific  prey  types  is  thus  a potentially 
useful  tool  for  complementing  direct  observations  of 
predation  in  studies  that  aim  to  assess  coccinellid 


Figure  10.6  Adult  coccinellid  predation  on  the  cereal  aphids  Sitobion  avenae  and  Metopolophium  festucae  (summarized  from 
Vickerman  & Sunderland  1975).  Size  of  arrow  corresponds  to  strength  of  trophic  pathway  and  the  numeric  value  represents 
the  percentage  of  predators  screening  positive  for  target  prey. 
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Figure  10.7  Adult  and  larval  coccinellid  predation  on  Homoptera,  Collembola  and  Psocoptera  (summarized  from  Turner 
1984).  Size  of  arrow  corresponds  to  strength  of  trophic  pathway  and  the  numeric  value  represents  the  percentage  of 
predators  screening  positive  for  target  prey. 


impact  relative  to  other  generalist  predators,  especially 
when  these  may  be  species  that  are  nocturnal,  cryptic 
or  otherwise  difficult  to  observe  directly.  For  example, 
where  estimates  of  predator  abundance  are  used 
in  models  of  herbivore  suppression,  these  could  be 
adjusted  by  an  amount  proportional  to  the  percentage 
of  each  species  testing  positive  for  the  focal  prey. 

Using  a modified  Ouchterlony  plate  approach 
(after  Pickavance  1970),  Turner  (1984)  was  able  to 
distinguish  the  consumption  of  insect  prey  from  three 
orders  (Psocoptera,  Sternorrhyncha  and  Collembola) 
from  the  consumption  of  predatory  arthropods  from 
eight  orders,  including  three  coccinellid  species  (Fig. 
10.7).  In  the  same  year,  Leathwick  and  Winterbourn 
(1984)  used  the  Ouchterlony  approach  to  develop  an 
antiserum  targeting  Acyrthosiphon  kondoi  and  A.  pisiirn 
from  alfalfa  in  New  Zealand,  and  reported  that  70%  of 
C.  undecimpunctata  tested  positive  for  these  aphids  {n  = 
73).  Although  no  cross  reactivity  was  observed  with 
Sidnia  kinbergi,  Calocoris  norvegicus  or  Philaenus  spumar- 
ius,  there  was  a weak  reaction  to  another  hemipteran, 
Nysius  huttoni.  The  characterization  process  of  polyclo- 
nal and  monoclonal  antibodies  typically  requires 
extensive  screening  of  the  developed  antibody  against 
non-target  organisms  due  to  the  possibility  for  cross- 
reactivity (whereby  the  ‘pest-specific’  antibody  binds  to 
the  antigens  of  other  invertebrates).  Thus,  the  possibil- 
ity of  overestimating  predation  with  this  technique 
exists,  especially  when  few  non-target  species  are 
screened  during  characterization. 


Hagley  and  Allen  (1990)  adopted  an 
immunoelectro-osmophoresis  approach  on  cellu- 
lose acetate  membranes  to  examine  the  food  relations 
of  generalist  predators  of  the  green  apple  aphid.  Aphis 
pond,  in  apple  orchards  in  Ontario.  Although  no  cross- 
reactivity testing  was  reported  and  replication  of  field- 
collected  specimens  was  low  (n  = 168),  evidence  was 
obtained  of  the  importance  of  coccinellids  as  predators 
of  the  green  apple  aphid  relative  to  other  specialist 
and  generalist  aphid  predators  (Fig.  10.8).  Such  data 
can  complement  more  conventional  field-based  studies 
designed  to  assess  coccinellid  effectiveness  in  pest 
suppression. 

The  principal  limitation  of  polyclonal  antisera  has 
been  an  inherent  lack  of  specificity  that  derives  from 
their  mode  of  production  (simple  immunization  of  a 
vertebrate  animal,  typically  a rabbit,  to  produce  poly- 
clonal antisera  targeting  determinants  common  to 
many  organisms).  Therefore,  potential  ‘false-positive’ 
reactions  generate  interpretative  errors  that  can  lead 
to  an  overestimation  of  interaction  pathway  strength. 
Occasionally,  cross-reacting  material  can  be  reduced 
through  purification.  For  example,  affinity  chromatog- 
raphy can  employ  cross-reacting  antibodies  to  bind  the 
target  antigen  so  that  non-reacting  material  can  be 
eluted  from  the  column  (Cuatrecasas  1970,  School  et 
al.  1986).  However,  levels  of  sensitivity  are  sometimes 
compromised.  Although  species-specific  (Dempster 
1971,  Pettersson  1972,  Sunderland  & Sutton  1980, 
Nemoto  et  al.  1985)  and  even  stage-specific  (Ragsdale 
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Figure  10.8  Adult  (Adalia  hipunctata  and  Coccinella 
septempunctata)  and  larval  coccinellid  predation  on  Aphis 
poini  in  Ontario  apple  orchards  (summarized  from  Hagley  & 
Allen  1990).  Size  of  arrow  corresponds  to  strength  of 
trophic  pathway  and  the  numeric  value  represents  the 
percentage  of  predators  screening  positive  for  target  prey. 


et  al.  1981)  diagnostic  systems  have  been  developed 
using  a polyclonal  approach,  the  problems  with  specifi- 
city led  to  the  proliferation  of  monoclonal  antibody 
technology  in  food  web  biology  during  the  1990s.  This 
approach  relies  on  the  immunization  of  a vertebrate 
animal,  typically  a mouse,  with  target  material,  and 
the  subsequent  extraction  of  lymphocytes  that  produce 
a hybridoma  following  fusion  with  myeloma  cells.  The 
hybridomas  are  cloned  and  single  cells  can  be  cultured 
in  vitro  to  produce  monoclonal  antibodies  of  desired 
specificity  (Kohler  & Milstein  1975).  Monoclonal  anti- 
bodies have  been  used  to  target  pests  such  as  Helicov- 
erpa  zea,  Lygus  hesperus,  Bemisia  tahaci,  Pectinophora 
gossypiella,  Heliothis  virescens,  the  slugs  Deroceras  reticu- 
latum.  Avion  hortensis  and  Tandonia  hudapestensis,  and 
aphids  (reviewed  by  Greenstone  1996,  Symondson 
2002,  Sheppard  & Harwood  2005,  Weber  & Lundgren 
2009).  However,  high  initial  development  costs 
(Fournier  et  al.  2008,  Harwood  & Greenstone  2008) 
have  driven  monoclonal  antibody-based  research  in 
the  direction  of  pest  management  assessment  and  the 
development  of  pest-specific  monoclonals.  Many  pred- 
ators, including  most  coccinellids,  have  the  ability  to 
subsist  on  alternative  prey  types  prior  to  colonizing 
pest-infested  plants,  with  potentially  important  conse- 
quences for  their  physiological  condition  and  the 
timing  of  their  immigration  into  crop  habitats.  Thus, 


the  ability  to  recognize  such  consumption  through  the 
use  of  specific  monoclonal  antibodies  could  supple- 
ment our  understanding  of  coccinellid  effectiveness,  or 
lack  thereof,  in  particular  contexts. 

Large-scale  field  trials  have  been  implemented  to 
identify  patterns  of  food  web  processes  and  have,  in 
some  cases,  purported  to  quantify  the  role  of  natural 
enemies  in  biological  control.  In  the  largest  study  of  its 
kind,  Hagler  and  Naranjo  (2005)  utilized  a whitefiy- 
specific  ELISA  to  assay  3 2 , 2 6 2 field-collected  predators 
and  assess  the  effect  of  insecticide  regimes  on  the 
predator  complex  associated  with  Bemisia  tahaci.  It 
is  perhaps  surprising  that  such  studies  have  yet  to 
address  role  of  coccinellids  in  agroecosystems,  given 
the  prior  development  of  an  aphid-specific  monoclonal 
antibody. 

Early-season  predation  has  long  been  considered 
important  in  pest  regulation  by  generalist  predators 
(Settle  et  al.  1996,  Landis  & van  derWerf  1997).  Using 
an  aphid-specific  monoclonal  antibody,  Harwood  et  al. 
(2004)  revealed  that  spider  communities  can  impact 
aphids  before  their  populations  increase.  By  correlating 
the  falling  rates  of  aphids  (and  alternative  prey)  into 
webs  with  their  consumption  by  the  spiders,  dispropor- 
tionately high  rates  of  feeding  on  Sitohion  avenae  were 
observed  precisely  when  numbers  were  at  their  lowest. 
Despite  the  obvious  power  of  monoclonal  antibody 
technology,  and  its  ability  to  yield  somewhat  quantita- 
tive inferences  with  respect  to  prey  consumption,  it  has 
not  yet  been  employed  to  any  significant  extent  in 
studies  addressing  the  impact  of  coccinellids  on  their 
prey.  Hagler  and  Naranjo  (1994)  used  monoclonal 
antibodies  for  B.  tahaci  and  P.  gossgpiella  to  identify  these 
species  in  the  guts  of  613  Hip.  convergens  adults,  the 
only  study  to  date  that  has  used  monoclonals  to  study 
coccinellid  prey  consumption.  Whereas  only  1.0%  of 
Hip.  convergens  screened  positive  for  eggs  of  pink  boll- 
worm,  38.0%  contained  whitefly,  albeit  with  signifi- 
cant variation  evident  throughout  the  season,  probably 
due  to  temporal  variation  in  the  abundance  of  whitefly 
and  other  (potentially  preferred)  prey. 


10.7.2  Protein  marking 
for  predation  analysis 

Immunolabelling  has  been  used  for  many  years  as  a 
tool  for  marking  insects  and  tracking  dispersal  (Hagler 
& Jackson  2001),  but  has  recently  been  used  to  analyze 
predation  (e.g.  Hagler  & Naranjo  2004,  Hagler  2006). 
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This  approach  employs  immunoglobulin  labels  that 
are  applied  either  internally  or  externally  to  prey  prior 
to  their  consumption,  and  then  detected  and  visualized 
within  the  gut  of  a predator.  A recent  field  assessment 
comparing  the  efficacy  of  protein  labelling  and  mono- 
clonal antibody-based  ELISA  (Mansfield  et  al.  2008) 
suggested  superior  levels  of  detection  in  the  former.  An 
extended  period  of  detection  was  attributed  to  a longer 
persistence  of  rabbit  protein  markers  in  the  predators 
{Dkranolaius  bellulus.  Hip.  variegata.  C.  leonina  transver- 
salis  and  Cheiracanthium  spp.)  compared  to  antigen 
from  Helicoverpa  armigera.  Post-consumption  detection 
periods  are  critical  in  gut  content  analyses  and  can 
vary  from  a few  hours  to  more  than  a week.  Thus, 
immunolabelling  incurs  a compromise  between  the 
increased  likelihood  of  detection  over  an  extended 
period  and  the  possibility  of  overestimating  feeding 
events  when  prey  remain  detectable  in  guts  for  longer 
periods. 

The  frequency  with  which  adult  Hip.  convergens  fed 
on  L.  hesperus,  P.  gossypiella  and  Trichoplusia  ni  eggs  was 
elucidated  under  varying  light  regimes  in  a field-cage 
system  where  the  three  pests  were  released  after  immu- 
nolabelling with  rabbit  immunoglobulin  G (T.  ni)  or 
chicken  immunoglobulin  G (L.  hesperus)  (Hagler2006). 
Consumption  of  P.  gossypiella  was  detected  with  a P. 
gossypiella  egg-specific  monoclonal  antibody.  Predation 
on  T.  ni  in  the  field  occurred  with  the  greatest  fre- 
quency, with  the  peak  proportion  testing  positive 


(-16%)  between  0700-1300  hours,  and  lower  fre- 
quencies of  predation  during  the  period  before  and 
after  dusk  (-11%)  (3  hours  light  followed  by  3 hours 
dark)  and  during  the  night  (-11%),  with  little  evidence 
of  predation  during  the  period  before  and  immediately 
after  dawn  (3  hours  dark  followed  by  3 hours  light). 
Very  low  predation  on  L.  hesperus  and  P.  gossypiella  was 
documented  (<2%  positive  for  prey  proteins).  There- 
fore, this  technique  can  be  used  to  discern  not  only 
quantitative  patterns  of  coccinellid  prey  selection 
when  multiple  species  are  present,  but  also  diurnal 
cycles  of  prey  consumption.  Although  the  low  cost 
and  ease  of  application  of  protein  labels  is  appealing, 
the  requirement  for  prey  labelling  and  subsequent 
release  into  field  plots  for  consumption  by  predators 
limits  its  utility  and  renders  it  impractical  for  assessing 
the  consumption  of  prey  that  are  naturally  distributed 
in  open-field  conditions. 

10.7.3  Detection  of  prey-specific  DNA 

Buoyed  by  increased  access  to  molecular  laboratories 
and  equipment,  ecologists  have  increasingly  utilized 
DNA-based  gut  content  analysis  to  examine  the 
feeding  relationships  of  terrestrial  arthropods.  This 
approach  relies  on  the  ability  to  visualize  unique  frag- 
ments of  DNA  in  predator  guts,  typically  the  mito- 
chondrial cytochrome  oxidase  I (COI)  gene  (Fig.  10.9), 


Figure  10.9  Agarose  gel  electrophoresis  of  PCR-amplified  DNA.  The  presence  of  bands  signifies  the  amplification  of  ‘prey' 
DNA  in  predator  samples,  thus  indicating  the  presence  of  prey  in  predator  guts.  This  data  can  be  used  to  identify  the  presence 
(or  absence)  of  prey  material  and  therefore  infer  the  frequency  of  predation  events  (and  thus  impact  of  predators)  in  the  field. 
Lanes  1-2,  positive  controls  (target  prey  DNA)  to  ensure  visualization  of  DNA  on  gel:  lanes  3-7  field-collected  predators 
screening  positive  for  prey  DNA:  lanes  8-9.  starved  predators  screening  negative  for  prey  DNA:  lane  10,  negative  control:  lane 
11.  100  bp  ladder  to  separate  fragment  sizes.  Photograph  courtesy  of  Eric  G.  Chapman  (University  of  Kentucky). 
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DNA  acquisition  Primer  selection/development  PCR 


DNA  visualization/characterization 


Figure  10.10  Decision  flow  diagram  for  the  development  of  a gut-content  analysis  approach  for  detection  of  predation  by 
PCR  (from  Sheppard  & Harwood  (2005),  courtesy  of  Wiley-Blackwell). 


although  other  targets  have  also  been  used.  Tradition- 
ally, the  approach  was  limited  by  an  inability  to  detect 
DNA  beyond  a short  period  after  ingestion  ( Asahida 
et  al.  1997),  thus  reducing  the  likelihood  of  detecting 
foraging  events  under  natural  conditions.  However,  a 
reduction  in  target  fragment  size  has  enabled  extended 
detection  in  both  gut  contents  (Zaidi  et  al.  1999,  Chen 
et  al.  2000)  and  faecal  material  (Kohn  & Wayne  1997, 
Farrell  et  al.  2000).  For  example,  Zaidi  and  colleagues 
(1999)  demonstrated  that  Culex  quinquefasciatus  DNA 
could  be  reliably  detected  in  guts  of  Pterostichus 
melanarius  up  to  2 8 hours  after  digestion.  Although  the 
period  of  delectability  is  shorter  than  that  of  some 
monoclonal  antibody-based  assays,  shorter  detection 
periods  may  be  advantageous  when  only  the  most 
recent  foraging  behaviour  is  of  interest  (Sheppard  & 
Harwood  2005). 

Although  the  details  are  beyond  the  scope  of  this 
chapter,  DNA-based  techniques  utilize  a series  of  pro- 
tocols that  enable  the  acquisition  of  DNA,  the  design 


of  molecular  markers,  the  choice  of  a mechanism  for 
amplifying  target  DNA,  and  the  final  visualization  of 
results  (Fig.  10.10).  Although  considerable  care  is 
required  during  the  development  and  optimization  of 
molecular  detection  systems,  the  relative  ease  of 
sequencing  DNA  and  designing  prey-specific  primers 
has  allowed  cost-effective  identification  of  a broad 
spectrum  of  food  resources  exploited  by  generalist 
predators.  This  advantage  has  been  further  enhanced 
by  the  adoption  of  multiplex  PCR  (Fig.  10.11) 
which  amplifies  prey  DNA  in  a singfe  reaction  (e.g.. 
Harper  et  al.  2005).  The  identification  of  diverse  alter- 
native prey  is  usually  beyond  the  scope  of  monoclonal 
antibody-based  analyses  due  to  prohibitively  high 
development  costs,  although  these  can  be  greatly  offset 
in  large-scale  studies  (e.g.  Hagler&  Naranjo  2005)  due 
to  the  low  per-sample  screening  cost  of  ELISA.  Since 
PCR  costs  15  to  20  times  more  than  ELISA  to  screen 
each  predator  (Fournier  et  al.  2008,  Harwood  & Green- 
stone 2008),  the  trade-off  between  development  cost 
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Figure  10.11  Agarose  gel  electrophoresis  of  multiplex-PCR-amplified  DNA.  Fluorescently  labelled  PCR  primers  allow  the 
simultaneous  amplification  of  prey  DNA  from  within  predator  guts  based  upon  variation  in  target  fragment  (e.g.  lanes  5 and 
6).  Such  technology  even  allows  for  the  simultaneous  amplification  of  multiple  prey  within  a single  sample  (e.g.  lane  14). 
Photograph  courtesy  of  R.  Andrew  King  (Cardiff  University). 


and  screening  cost  influences  the  relative  suitability  of 
these  two  techniques  for  particular  applications. 

In  the  most  comprehensive  molecular  gut-content 
study  to  date,  Fournier  et  al.  (2008)  screened  over 
1200  predators  (including  Hip.  convergens  and  Hai: 
axyridis)  by  PCR  against  species-specific  primers  of  the 
glassy-winged  sharpshooter  Homalodisca  vitripeimis. 
Although  laboratory  feeding  trials  revealed  100%  suc- 
cessful detection  of  sharpshooter  DNA  for  8 hours  after 
consumption,  no  field-collected  coccinellids  tested  pos- 
itive for  the  target  prey,  in  contrast  to  spiders  (18%), 
hemipterans  (14%),  mantids  (13%),  ants  (12%)  and 
neuropterans  (10%).  Similarly,  very  low  levels  of  coc- 
cinellid  predation  on  Ostrinia  nubilalis  were  reported 
by  Hoogendoorn  and  Heimpel  (2002).  Targeting  the 
ITS1/18S  region  of  nuclear  DNA,  the  decline  in 
detectability  of  the  DNA  of  prey  in  predator  guts  fol- 
lowed a negative  quadratic  function  over  12  hours  and 
just  1%  of  field-collected  Col.  maculata  and  Hai:  axyridis 
were  positive  for  these  prey  in  a corn  agroecosystem 
(Fig.  10.12). 


Recently,  Chacon  et  al.  (2008)  examined  the  food 
relations  of  four  coccinellids  along  with  Chrysoperla 
carnea  and  Orius  insidiosus  that  were  associated  with 
the  soybean  aphid.  Aphis  glycines.  Molecular  gut- 
content  analyses  have  providing  valuable  insights  into 
the  role  of  particular  natural  enemies  in  controlling 
this  pest  (Harwood  et  al.  2007,  2009,  Chacon  et  al. 
2008).  For  example,  greater  than  90%  of  0.  insidiosus, 
a species  previously  reported  to  be  an  important  preda- 
tor of  this  aphid  (Harwood  et  al.  2007,  2009),  screened 
positive  for  soybean  aphids,  in  contrast  with  previous 
reports  that  had  used  different  molecular  markers. 
Similarly,  Zhang  et  al.  (2007a)  qualified  Bemisia  tabaci 
predation  rates  by  a complex  of  predators,  including 
Coccinellidae,  in  Chinese  cotton  agroecosystems 
(Fig.  10.12).  We  expect  that  molecular  gut-content 
analyses  will  play  an  increasingly  important  role  in 
evaluating  food  web  dynamics  and  will  serve  to  com- 
plement quantitative  population  monitoring  and 
traditional  field  experiments  in  various  ways  to  signifi- 
cantly advance  our  understanding  of  the  relative 
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Prey  Trophic  pathway  Predator  (adult  unless  specified)  Ref. 

Ostrinia  nubilalis  ►(<!%)  Coleomegilla  maculata  (n  ~ 203)  1 

Aphis  glycines  ^^^^^^^{\00%)Coleomegillamaculata{n  = 3)  4 


Aphis  glycines  ► (50%)  Coccinella  septempunctata  (n  = 6)  4 

Bemisia  tabaci  ►(15%)  Coccinella  septempunctata  (n  = \3)  2 

Homalodisca  vitripennis - (0%)  Harmonia  axyridis  3 

Aphis  glycines  ^^^^^^^(74%)  Harmonia  axyridis  (n~  WO)  4 

Ostrinia  nubilalis  ^(1%)  Harmonia  axyridis  (n  = 349)  1 

Bemisia  tabaci  ^(23%)  Harmonia  axyridis  (n  = \ 3)  2 

Bemisia  tabaci  Harmonia  axyridis  \arjae  (n  = 32)  2 

Homalodisca  vitripennis (0%)  Hippodamia  convergens  3 

Aphis  glycines  1 00%)Hippodamia  convergens  (n  = 2)  4 

Bemisia  tabaci  ^^^^^^^(50%)  Scymnus  hoffmanni  (n  = 2)  2 


Figure  10.12  Frequency  of  coccinellid  predation  in  the  field,  revealed  by  molecular  gut  content  analysis  summarized  from: 
1.  Hoogendoorn  and  Heimpel  (2002);  2,  Zhang  et  al.  (2007a);  3,  Fournier  et  al.  (2008);  4,  Chacon  et  al.  (2008).  Size  of 
arrow  corresponds  to  strength  of  trophic  pathway  and  the  numeric  value  represents  the  percentage  of  predators  screening 
positive  for  target  prey.  *,  exact  sample  size  unspecified. 


effectiveness  of  coccinellids  as  biological  control  agents 
in  various  ecological  contexts. 

10.8  CONCLUSIONS 

Laboratory  feeding  studies  remain  a useful  approach 
for  determining  prey  acceptability  and  suitability  for 
coccinellids  and  consumption  assays  produce  esti- 
mates of  potential  impact,  but  the  strength  of  labora- 
tory studies  usually  lies  in  providing  a base  for 
interpreting  field  observations.  Traditional  methods  of 
assessing  the  impact  of  coccinellids  on  focal  prey 
species  continue  to  be  invaluable  and  the  best  insights 
are  usually  obtained  through  a combination  of 
approaches  selected  for  their  suitability  for  particular 
prey-plant  systems,  as  each  has  inherent  limitations. 
Although  molecular  analyses  have  advanced  our 
understanding  of  the  trophic  relations  of  predatory 


arthropods,  including  the  Coccinellidae,  they  have  yet 
to  yield  data  that  accurately  quantify  predation 
in  the  field.  The  better  studies  have  linked  popula- 
tion surveys  with  molecular  gut-content  analysis  to 
strengthen  inferences  of  trophic  relationships  and 
mechanisms  of  prey  preference,  as  opposed  to  simply 
generating  binary  data  on  the  presence/absence  of 
target  prey  in  predator  guts.  Semi-quantitative  esti- 
mates of  predation  have  been  made  using  gut-content 
analysis  by  estimating  the  concentration  of  recogniz- 
able prey  proteins  in  gut  samples  by  ELISA  (e.g. 
Symondson  & Liddell  1993,  Symondson  et  al.  2000, 
Harwood  et  al.  2004,  Winder  et  al.  2005)  or  of  prey 
DNA  by  quantitative  PCR  (Zhang  et  al.  2007b,  Lund- 
gren  et  al.,  2009).  Such  studies  provide  valuable 
insights  into  the  relative  amount  of  recognizable  mate- 
rial in  the  predator  at  a given  time,  but  do  not  offer 
■quantitative'  estimates  of  predation  because  the 
number  (and/or  biomass)  of  prey  consumed  and  the 


482  J.  P.  Michaud  and  J.  D.  Hanwood 


time  elapsed  since  consumption  cannot  be  inferred. 
Thus,  although  molecular  gut-content  analyses  offer 
particular  benefits  for  elucidating  trophic  interactions, 
they  remain  fraught  with  interpretive  sources  of  error. 
Nevertheless,  when  used  in  combination  with  quanti- 
tative data  from  field  experiments,  they  can  generate 
unique  insights  that  cannot  be  obtained  with  other 
approaches. 
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11.1  INTRODUCTION 

Historically,  the  term  biological  control  has  had  various 
meanings  (DeBach  1964).  In  the  ecological  sense, 
it  refers  to  the  ‘top-down’  action  of  predators,  parasites 
or  pathogens  on  organisms  occupying  a lower  trophic 
level,  action  that  maintains  their  populations  at  lower 
levels  than  would  occur  in  the  absence  of  these  natural 
enemies,  i.e.  a natural  process  that  does  not  depend 
on  any  human  intervention.  In  the  applied  sense,  it 
refers  to  the  specific  use  or  manipulation  of  popula- 
tions of  organisms  to  achieve  reduction  or  improved 
regulation  of  pest  populations.  In  practice,  this  distinc- 
tion is  not  always  clear  as  modern  integrated  pest 
management  programs  usually  rest  on  a foundation  of 
'background'  natural  control  which  occurs  without 
intervention.  However,  cultural  activities  may  be 
implemented  or  modified  to  facilitate  natural  biological 
control,  or  simply  to  spare  beneficial  species  from 
adverse  human  impacts,  including  application  of  pes- 
ticides. The  diverse  approaches  to  achieving  this  end 
are  now  collectively  termed  conservation  biological 
control  (Barbosa  1998).  In  contrast,  classical  bio- 
logical control  involves  importing  and  releasing 
exotic  species  with  the  goal  of  establishing  a self- 
perpetuating  population  in  a novel  geographic  region 
that  exerts  permanent  suppression  of  a specific  pest. 
Alternatively,  augmentation  has  the  goal  of  immedi- 
ate, if  temporary,  reduction  of  a pest  population 
through  occasional  or  periodic  releases  of  a natural 
enemy.  Such  releases  may  be  inundative  (large 
numbers  released  for  immediate  effect)  or  inoculative 
(fewer  individuals  released  with  some  reproduction 
expected).  Predatory  coccinellids  have  been  deployed 
and  studied  extensively  in  all  these  contexts.  Further- 
more, certain  species,  either  through  intentional  or 
accidental  introductions,  have  garnered  attention  as 
invasive  species  with  significant  impacts  on  biodiver- 
sity and  human  economies  beyond  their  contributions 
to  biological  control. 


11.2  THE  ROLES  OF  COCCINELLIDAE 
IN  BIOLOGICAL  CONTROL 

Dixon  (2000)  emphasized  three  attributes  of  success- 
ful biological  control  agents:  specificity,  voracity  and 
a high  rate  of  population  increase.  Whereas  these 
attributes  are  certainly  desirable  for  rapid  impact 


when  the  target  is  increasing  in  abundance  and 
approaching  economic  injury  levels,  many  pest  popu- 
lations tend  to  be  transient  or  seasonally  cyclical.  These 
same  attributes  may  therefore  become  handicaps  for 
survival  of  the  agent  when  the  pest  is  rare  or  absent. 
For  example,  the  availability  of  alternative  prey  can  be 
critical  to  coccinellid  impact  in  biological  control.  This 
effect  is  illustrated  by  the  case  of  Cleobora  mellyi,  which 
was  introduced  into  New  Zealand  in  1977  for  control 
of  the  eucalyptus  tortoise  beetle,  Paropsis  charyhdis. 
Both  larvae  and  adults  of  C.  mellyi  feed  readily  on  tor- 
toise beetle  eggs  and  larvae,  but  rely  heavily  on  psyllids 
to  maintain  their  populations  year-round  in  planta- 
tions of  Eucalyptus  and  Acacia  trees.  Although  estab- 
lishment of  the  species  on  the  North  Island  was  initially 
successful,  populations  remained  small  and  limited  in 
distribution  for  about  25  years  until  the  invasion  of 
another  tortoise  beetle  and  several  additional  pysllid 
species  led  to  a dramatic  increase  in  the  range  and 
abundance  of  this  ‘forgotten  ladybird'  and  its  emer- 
gence as  a significant  biological  control  agent  of 
this  guild  of  arboreal  defoliatiors  (Withers  & Berndt 
2010). 


11.2.1  Prey  specificity 

Prey  specificity  is  desirable  from  the  perspective  of  con- 
centrating mortality  on  the  pest  and  minimizing  non- 
target impacts,  but  it  can  also  be  an  impediment  for 
predator  survival  when  the  preferred  prey  is  at  low 
density  (Chang  & Kareiva  1999).  Likewise,  voracity  is 
not  invariably  an  asset.  Although  high  voracity  is 
advantageous  for  maximizing  the  rate  of  conversion  of 
prey  biomass  into  predator  biomass,  it  implies  a greater 
food  demand  for  successful  development  and  reproduc- 
tion of  the  predator.  Thus  coccinellids  with  lower 
voracity  require  a smaller  critical  intake  of  prey  to 
complete  development  or  remain  actively  foraging, 
making  their  populations  more  resilient  to  local  extinc- 
tions when  prey  become  scarce,  and  better  able  to  track 
prey  populations  at  low  densities.  Coccinellids  exhibit 
a range  of  prey  specificity  (5.2),  but  species  that 
dominate  their  communities  tend  to  be  relative  gen- 
eralists. though  they  often  exhibit  preferences  for 
particular  habitats  (e.g.  Colunga-Garcia  et  al.  1997). 
This  is  especially  true  of  species  that  display  good 
numerical  responses  to  outbreaks  of  aphids,  a prey 
that  no  natural  enemies  save  fungal  pathogens  can 


490  J.  P.  Michaud 


match  in  reproductive  rate.  Adults  of  such  species 
often  survive  for  extended  periods  on  alternative 
prey  or  supplementary  food  sources,  even  if  these 
resources  are  inadequate  to  sustain  their  reproduction. 
Thus  most  ecologically  dominant  aphidophagous 
species  tend  to  be  opportunistic  generalists  with  high 
voracity,  traits  adaptive  for  exploiting  prey  that  are 
periodically  abundant,  but  highly  ephemeral  and 
widely  distributed.  Although  a few  species  do  specialize 
on  aphids  associated  with  particular  plants,  most 
dietary  specialists  tend  to  exploit  non-aphid  prey  that 
are  more  diffusely  distributed,  but  more  continuously 
available,  in  well-defined  habitats,  (e,g.  coccids  on 
trees). 

Small  ladybeetles  of  the  genus  Stethonis  are  special- 
ized predators  of  phytophagous  mites  that  can  be 
important  in  biological  control  of  tetranychid  pests  on 
a wide  range  of  fruit  crops  (Biddinger  et  al,  2009),  For 
example,  Ullah  (2000)  found  that  Stethonis  vegans  was 
effective  in  locating  and  reproducing  on  Tetranychus 
urticae  even  at  low  densities,  supplementing  its  diet 
with  alternative  prey  as  necessary.  However,  not  all 
coccinellid  species  that  specialize  on  one  kind  of  prey 
are  necessarily  a cornerstone  of  its  biological  control. 
For  example,  ladybeetles  of  the  genus  Nephaspis  are 
relatively  specific  to  aleyrodid  prey  and  Clitostethus 
oculatus  is  credited  with  reducing  large  infestations  of 
spiralling  whitefly,  Aleurodicus  dispersus  in  Hawaii 
(Waterhouse  & Norris  1989)  and  India  (Ramani  et  al. 
2002).  Nevertheless,  this  species  does  not  provide  ade- 
quate biological  control  of  A.  dispersus  without  the 
assistance  of  Encarsia  spp,  parasitoids  that  are  better 
able  to  maintain  the  pest  at  low  densities  and  are  now 
considered  to  be  solely  responsible  for  the  biological 
control  of  A.  dispersus  through  much  of  Africa  (Legg  et 
al,  2003),  Roy  et  al,  (2005)  concluded  that  predation 
by  Stethorus  pusillus  (=  punctillum)  was  complemen- 
tary to  that  by  Amblyseius  fallacis  in  controlling  Tetran- 
ychus mcdanieli  in  Quebec  raspberry  fields  due  to 
different  patterns  of  seasonal  activity.  Another  Stetho- 
rus sp.  was  observed  to  provide  effective  control  of  Pan- 
onychus  citri  in  citrus  when  acting  in  concert  with  the 
predatory  mite  Agistemus  longisetus  (Jamieson  et  al. 
2005).  Similarly,  Snyder  et  al,  (2008)  used  field  experi- 
ments to  demonstrate  that  C,  septempunctata  and  Hip. 
convergens  provided  more  effective  control  of  Brevico- 
ryne  brassicae  and  Myzus  persicae  on  broccoli  in  combi- 
nation with  other  natural  enemies  than  when  these 
were  absent. 


11.2.2  Generalist  coccinellids 

After  multiplying  their  numbers  on  aphid  outbreaks 
within  particular  habitats,  many  generalist  coccinel- 
lids switch  to  feed  on  alternative  prey  species,  a fact 
that  warrants  recognition  in  assessing  their  overall 
value  as  residents  of  agroecosystems.  Many  primarily 
aphidophagous  species  also  contribute  to  biological 
control  of  pest  species  that  serve  only  as  supplemen- 
tary food  or  non-essential  prey.  Through  consumption 
of  eggs  and  small  larvae.  Col.  maculata  may  contribute 
to  the  control  of  Ostrinia  nuhilalis  in  corn  (Musser  & 
Shelton  2003),  Helicoverpa  zea  in  soybean  and  sweet 
corn  (Pfannenstiel  & Yeargan  2002),  and  Leptinotarsa 
decemlineata  in  potatoes  (Groden  et  al.  1990).  Har. 
axyridis  may  consume  psyllids  (Michaud  2004.  Fluke 
et  al.  2005),  tetranychid  mites  (Lucas  et  al.  2002,  Vil- 
lanueva et  al.  2004)  and  root  weevil  eggs  (Stuart  et  al. 
2002).  Similarly,  C.  septempunctata  prey  on  larvae  of 
Hypera  postica  in  alfalfa  when  aphids  are  scarce 
(Kalaskar  & Evans  2001,  Evans  et  al.  2004).  By  virtue 
of  their  ecology,  such  species  tend  to  provide  diffuse 
pest  mortality  in  their  favoured  habitats,  rather  than 
being  solely  responsible  for  continuous  suppression  of 
a single  pest.  This  is  true  in  systems  as  diverse  as  the 
alfalfa  fields  of  California  (Neuensch wander  et  al. 
1975)  and  the  citrus  groves  of  Puerto  Rico  (Michaud 
& Browning  1999). 

11.2.3  Intraguild  predation 

Although  large  coccinellid  species  can  supplement  the 
effects  of  parasitoids  in  biological  control  (Bilu  & Coll 
2007)  they  may  also  be  important  agents  of  intraguild 
predation  (Ferguson  & Stiling  1996,  Kaneko  2004, 
Michaud  2004;  Chapter  7).  Consequently,  their  role  in 
suppressing  a particular  pest  must  be  considered 
within  the  larger  context  of  the  entire  guild  of  natural 
enemies  that  contribute  to  pest  mortality.  Because  their 
interactions  within  and  between  trophic  levels  are 
complex,  their  net  impacts  in  novel  ecosystems  are 
unpredictable.  Thus,  most  conspicuous  aphidopha- 
gous species  are  unsuited  for  foreign  introduction  even 
though  they  may  be  important  agents  of  biological 
control  in  their  native  ecosystems.  Once  established, 
they  may  simply  replace  aphid  mortality  provided  by 
local  species,  cause  non-target  impacts  on  other  her- 
bivores, or  even  displace  autochthonous  species  from 


Coccinellids  in  biological  control  491 


Figure  11.1  An  assassin  bug  (Reduviidae)  preying  on  an 
adult  Hippodamia  convergens  (J.P.  Michaud).  (See  colour 
plate.) 

particular  habitats.  One  the  other  hand,  sometimes 
ladybirds,  especially  small  species  or  immature  stages, 
may  have  their  effectiveness  in  biocontrol  limited 
by  intraguild  predation  from  tertiary  predators  (e.g. 
Rosenheim  et  al.  2004:  Fig.  11.1;  Chapters  7 and  8). 


11.3  SCALE  INSECTS  VERSUS 
APHIDS  AS  TARGETS  OF  EXOTIC 
INTRODUCTIONS 

11.3.1  Coccidophagous  coccinellids 

In  1887  the  vedalia  beetle,  Rodolia  cardinalis,  was 
introduced  from  Australia  to  combat  the  cottony 
cushion  scale  Icerya  purchasi  in  the  nascent  Califor- 
nia citrus  industry  (Fig.  11.2).  The  landmark  success 
of  this  project  became  a textbook  example  of  the  great 
potential  of  classical  biological  control  as  a tactic  for 
suppressing  invasive  pests  (DeBach  1964).  A total  of 
10.555  beetles  were  reared  and  released  at  a cost  of 
$ 1 500  and,  within  a year,  the  industry  was  saved  from 
imminent  destruction.  The  beetle  was  subsequently 
introduced  to  at  least  29  other  countries  and  control 
of  the  target  was  either  complete  or  substantial  in  all 
locations.  The  success  of  the  vedalia  beetle,  and  the 
publicity  surrounding  its  economic  benefits,  became  a 
watershed  event  that  catalyzed  the  introduction  of 
many  exotic  coccinellids  targeting  other  pests , although 


Figure  11.2  The  vedalia  beetle  Rodolia  cardinalis  with  eggs 
and  neonate  larva  on  a mature  cottony  cushion  scale  (Jack 
Kelly  Clark,  courtesy  UC  Statewide  IPM  Program).  (See 
colour  plate.) 

rarely  with  the  same  degree  of  success  (Caltagirone  & 
Doutt  1989).  Obrycki  & Kring  (1998)  calculated  that 
18  ladybird  species  established  in  North  America  as  a 
result  of  some  179  intentional  introductions  since 
1900,  an  establishment  rate  of  about  10%.  In  com- 
parison, four  exotic  species  became  established  in  the 
UK  over  a similar  period,  although  none  were  the  result 
of  intentional  introductions  (Majerus  1994).  Neither 
does  establishment  equate  to  success  in  biological 
control.  For  example,  the  neotropical  ladybirds  Diomus 
hennesseyi  and  Hyperaspis  notata  were  both  established 
in  a programme  against  the  cassava  mealybug,  Pheno- 
coccus  manihoti,  in  central  and  eastern  Africa  (Neuen- 
schwander  2003),  but  neither  became  significant 
mortality  factors.  The  high  degree  of  specificity  of  R. 
cardinalis  for  Icerya  species,  in  combination  with  a very 
short  generation  time,  highly  efficient  detection  of  iso- 
lated host  patches,  and  the  ability  of  a larva  to  com- 
plete development  on  a single  mature  female  scale  are 
all  thought  to  be  key  factors  in  the  effectiveness  of  the 
vedalia  beetle  (Prasad  1990).  Unfortunately,  this  eco- 
logical configuration  is  exceptional  considering  what  is 
now  known  of  the  prey  relationships  of  predatory  Coc- 
cinellidae,  and  even  atypical  of  other  ladybird-coccid 
interactions.  The  importance  of  the  rate  of  population 
increase  of  the  predator  relative  to  that  of  the  prey  has 
long  been  emphasized  (Thorpe  1930,  Hodek  1973, 
Hagen  1974),  has  recently  been  termed  the  ‘genera- 
tion time  ratio’  (Kindlmann  & Dixon  1999,  Dixon 
2005)  and  is  likely  a key  indicator  of  ‘one  on  one’  bio- 
control potential. 
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Savoiskaya  (1983)  and  Kuznetsov  (1987)  discussed 
examples  of  coccinellid  introductions  across  the 
Palearctic  region  (Russia  and  Central  Asia),  many  of 
which  appeared  to  have  failed  because  of  climatic  dis- 
parities between  regions  of  collection  and  release. 
Similarly,  introduction  of  a US  strain  of  Hip.  convergens 
to  Kenya  for  control  of  Schizaphis  gmmimim  in  1911 
failed  despite  a good  history  of  the  predator-prey  asso- 
ciation on  wheat  (Hunter  1909),  probably  because  the 
source  material  was  not  adapted  to  tropical  conditions 
(Greathead  1971).  In  contrast,  many  introductions 
of  coccinellids  against  scale  insects  in  tropical  and 
subtropical  habitats  have  been  successful.  DeBach 
(1964)  listed  introductions  of  nine  coccidophagous 
coccinellids  to  which  he  attributed  successful  control 
of  11  coccid  species  other  than  I purchasi.  Of  the  31 
exotic  species  of  Coccinellidae  established  in  Hawaii, 
1 7 are  primarily  scale-feeding  species,  five  specialize  on 
mealybugs  and  one  on  mites.  The  remainder  feed  on 
aphids  or  some  combination  of  aphids,  psyllids  and 
other  prey  (Funasaki  et  al.  1988).  Greathead  (2003) 
reviewed  classical  programmes  in  Africa  and  listed 
nine  coccinellid  species  successfully  established,  of 
which  eight  were  scale-feeding  species  and  the  other 
the  mealybug  predator  Cryptolaemus  montrouzieri.  In 
Fiji,  successful  control  of  the  coconut  scale,  Aspidiotus 
destructor,  was  attributed  to  the  introduction  and 
establishment  of  Cryptognatha  nodiceps  Marshall  from 
Trinidad  (Singh  1976).  Successful  control  of  various 
scales  in  the  subfamily  Diaspidinae  has  been  attri- 
buted to  introductions  of  Rhyzobius  (=  Lindorus) 
lophanthae  in  Italy,  the  Black  Sea  coast  of  the  Ukraine, 
and  North  Africa  (Yakhontov  1960).  This  species  is 
now  considered  an  important  introduced  predator  of 
citrus  scale  insects  in  both  the  United  States  (Flint  & 
Dreisdadt  1998)  and  Australia  (Smith  et  al.  1997), 
although  it  is  less  effective  against  heavily  armoured 
species  that  are  less  vulnerable  in  later  growth  stages 
(Honda  & Luck  1995). 

Chilocorus  hipustulatus  is  an  effective  predator  of 
armoured  scale  insects  and  populations  in  the  Middle 
East  have  been  the  source  of  successful  introductions 
in  North  Africa  (Iperti  & Laudeho  1969),  central  Africa 
(Stansly  1984),  Australia  (Waterhouse  & Sands  2001) 
and  the  USA  (Huffaker  & Doutt  1965).  However,  it 
failed  to  establish  in  New  Zealand  kiwi  fruit  orchards 
despite  a vigorous  release  effort  (Charles  et  al.  1995). 
Similarly,  Chil.  nigritus  feeds  on  a variety  of  armoured 
scales  and  has  been  widely  disseminated  throughout 
tropical  regions  through  both  intentional  and  uninten- 


tional introductions  (Samways  1989).  As  early  as 
1940  it  was  introduced  effectively  against  a complex  of 
scale  insects  damaging  coconuts  in  the  Seychelles 
(Greathead  2003).  This  species  is  now  mass-reared  by 
various  commercial  suppliers  of  beneficial  insects  and 
widely  used  for  augmentative  biological  control  of 
armoured  scales  in  glasshouses  and  interior  plant- 
scapes.  Chil.  circumdatus,  a southeast  Asian  species, 
has  been  successfully  introduced  to  Australia,  South 
Africa,  the  USA  and  elsewhere  (Samways  et  al.  1999) 
for  control  of  citrus  snow  scale,  Unaspis  citri.  It  appears 
quite  specific  to  its  prey  and  is  able  to  track  it  effectively 
at  low  densities,  although  in  Hawaii  it  reportedly  feeds 
on  two  additional  species  of  Diaspididae  (Funasaki 
et  al.  1988).  Chil.  circumdatus  is  now  considered  to  be 
the  most  important  predator  of  U.  citri  in  Australia 
(Smith  et  al.  1997)  and  appears  to  play  a significant 
role  in  suppressing  this  pest  in  both  Florida  and  Cali- 
fornia. Rosen  (1986)  reviewed  natural  enemies 
employed  in  biocontrol  programmes  against  Diaspidi- 
dae and  concluded  that,  although  useful,  coccinellid 
species  seldom  provided  adequate  control  without 
assistance  from  other  natural  enemies,  especially 
parasitoids. 

11.3.2  Aphidophagous  coccinellids 

Aphidophagous  species  have  a long  history  of  importa- 
tion in  classical  biological  control  programmes,  albeit 
with  few  recognized  successes.  As  early  as  1874,  C. 
iindecimpiinctata,  a relatively  polyphagous  species, 
was  imported  to  New  Zealand  where  it  established  to 
become  an  important  predator  of  aphids  and  mealy- 
bugs in  various  fruit  and  forage  crops  (Dumbleton 
1936).  More  recently  it  established  in  various  regions 
of  North  America  (Wheeler  & Hoebeke  1981)  although 
its  introduction  there  is  thought  to  have  been  acciden- 
tal. Dixon  (2000)  tallied  155  intentional  introductions 
of  coccinellid  species  worldwide  that  specifically  tar- 
geted aphids  and  judged  only  one  to  be  ‘substantially 
successful’.  The  high  reproductive  rate  of  aphids  is 
achieved  through  a combination  of  thelytoky  and  a 
telescoping  of  generations  (live  birth  of  pregnant 
daughters).  Consequently,  multiple  aphid  generations 
can  be  completed  within  the  time  required  for  a single 
generation  of  any  coccinellid,  forcing  the  numerical 
response  of  the  predator  to  lag  behind  population 
growth  of  the  prey.  Borges  et  al.  (2006)  advanced  the 
notion  that  the  life  history  of  ladybirds  has  evolved 
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within  constraints  dictated  by  the  ecology  and  distribu- 
tion of  their  prey.  They  suggest  that  scale-feeding 
species  have  evolved  a slow  pace  of  life  (slow  develop- 
ment, low  voracity  and  fecundity)  in  order  to  effectively 
exploit  slowly  developing  prey  that  are  continuously 
available,  but  widely  distributed  in  small  colonies.  In 
contrast  to  scales,  aphid  colonies  develop  quickly  and 
become  much  larger,  but  can  be  harder  to  find  and 
more  ephemeral  in  availability,  attributes  that  favour 
their  exploitation  by  voracious  species  that  have  faster 
development  and  higher  fecundity.  These  disparities  in 
life  history,  whether  derived  from  predator-prey  rela- 
tions or  not,  suggest  that  aphidophagous  coccinellids 
cannot  be  manipulated  in  biological  control  pro- 
grammes by  the  same  means,  or  for  the  same  ends,  as 
coccidophagous  species,  even  though  they  may  emerge 
as  key  sources  of  natural  aphid  mortality  in  field 
studies  (Costamagna  et  al,  2008). 

Various  species  of  Adelgidae  have  been  targeted  with 
introduced  coccinellids  in  arboreal  habitats.  The 
larch  ladybird.  Aphidecta  obliterata  is  a species  of  Euro- 
pean origin  that  was  introduced  to  South  Carolina  in 
1960  (Amman  1966)  to  control  the  balsam  woolly 
adelgid,  Adelges  piceae,  an  invasive  pest  that  arrived  in 
North  America  around  1900.  Later,  A.  obliterata  was 
introduced  to  British  Columbia,  Canada  (Harris  & 
Dawson  1979)  where  it  has  emerged  as  an  important 
biological  control  of  both  A.  piceae  and  the  hemlock 
woolly  adelgid,  Adelges  tsugae  (Humble  1994,  Mont- 
gomery & Lyon  1996),  The  Asian  species  Sasajiscymnus 
tsugae  was  introduced  from  Japan  to  target  A.  tsugae 
and  has  been  established  in  various  regions  of  the 
eastern  USA  as  a result  of  release  programmes  initiated 
in  1997  (Cheahetal,  2004),  Although  established,  the 
impact  of  S.  tsugae  on  the  pest  population  was  not  as 
great  as  originally  hoped,  resulting  in  the  importation 
and  release  of  a Chinese  species,  Scymnus  ningshanen- 
sis.  that  purportedly  exhibits  a stronger  numerical 
response  to  increasing  prey  density  (Butin  et  al,  2003), 

Biological  control  programmes  involving  introduc- 
tions have  become  increasingly  controversial  in 
recent  decades  as  attention  has  been  drawn  to  their 
potential  non-target  impacts  (Howarth  1991)  and 
other  associated  risks  (van  Lenteren  et  al.  2006).  The 
wisdom  of  using  natural  enemy  introductions  as  a first 
response  to  invasive  arthropod  pests  has  also  been 
challenged  (Wajnberg  et  al.  2001,  Michaud  2002a), 
Regulatory  restrictions  on  exotic  species  introductions 
have  become  increasingly  stringent  and  most  devel- 
oped countries  now  require  that  entomophagous 


species  exhibit  levels  of  prey  specificity  comparable  to 
those  previously  required  only  for  weed  biocontrol 
agents  (e.g,  FAO  1996),  Although  few  programmes 
currently  seek  to  introduce  exotic  coccinellids  into  new 
regions,  many  displaced  species  (whether  intention- 
ally or  accidentally  introduced)  now  comprise  a 
substantial  proportion  of  the  guild  of  aphidophagous 
insects  in  most  Nearctic  and  Palearctic  habitats.  Many 
contribute  significantly  to  control  of  pests  in  agricul- 
tural habitats,  but  others  have  been  implicated  in  the 
displacement  of  native  species.  For  example,  the 
native  species  Stethorus  punctum  was  replaced  by 
the  Palearctic  Stethorus  pusillus  in  Ontario  around 
1940  following  its  inadvertent  establishment  in 
Canada  (Putman  1955), 

11.3.3  Invasive  coccinellids 

Gordon  (1985)  listed  over  150  species  of  Coccinellidae 
with  records  of  intentional  introduction  to  North 
America,  mostly  during  the  20th  century,  with  19  suc- 
cessful establishments,  and  another  10  established 
apparently  as  a result  of  inadvertent  introductions. 
However,  species  additional  to  these  have  been  con- 
firmed established  in  the  past  25  years,  including 
P.  quatuordecimpunctata,  Har.  axyridis,  Hai:  quadripunc- 
tata  and  Hip.  variegata  (Hoebeke  & Wheeler  1996), 
Curinus  coeruleus  (Michaud  2002b),  and  probably 
others.  Many  of  these  species  have  gradually  expanded 
their  range  through  natural  spread  (e.g.  Hip.  variegata, 
Williams  & Young,  2009)  with  mostly  indeterminate 
ecological  impacts.  There  is  often  a latent  period  before 
an  introduced  coccinellid  assumes  the  status  of  an 
invasive  species.  Despite  introductions  to  the  USA  as 
early  as  1956,  C.  septempunctata  was  not  confirmed 
established  along  the  eastern  seaboard  until  the  late 
1970s  (Hoebeke  & Wheeler  1980)  and  required 
another  decade  to  expand  its  range  westward  to  the 
Rocky  Mountains.  By  the  early  1990s,  C.  septempunc- 
tata had  displaced  the  indigenous  Hip.  convergens  as  the 
dominant  aphidophagous  coccinellid  in  parts  of  the 
American  Midwest  and  generated  other  non-target 
impacts  (Horn  1991),  Similar  impacts  were  later 
attributed  to  C.  septempunctata  further  west  (Wheeler  & 
Hoebeke  1995,  Elliott  et  al,  1996,  Hesler  et  al,  2005), 
although  it  has  failed  to  displace  Hip.  convergens  from 
dominance  throughout  much  of  the  arid  High  Plains, 
Similarly,  A.  bipunctata  remained  confined  to  the 
Osaka  region  of  Japan  for  about  10  years  following  its 
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introduction  to  Japan,  but  is  now  expanding  its  range 
and  utilizing  a greater  number  of  tree  and  aphid 
species  (Toda  & Sakuratani  2006).  In  contrast,  the 
spread  of  Hai:  axyridis  in  North  America  was  much 
more  rapid,  requiring  only  10  years  to  colonize  most 
of  the  Nearctic  region  from  Florida  to  California  in  the 
south,  and  from  Nova  Scotia  to  British  Columbia  in  the 
north.  No  case  history  is  perhaps  more  remarkable 
than  that  of  Har.  axyridis  and  it  has  the  ignominious 
distinction  of  being  the  first  predatory  coccinellid  to  be 
indexed  in  the  Global  Invasive  Species  Database  (ISSG 
2008)  and  have  its  worldwide  distribution  mapped  as 
a plant  pest  (CABI  2007). 

Harmonia  axyridis.  referred  to  as  the  harlequin 
ladybird  in  the  UK  and  the  Asian  multi-colored  lady- 
beetle  in  the  USA,  is  a voracious,  highly  polyphagous 
species  of  Asian  origin  with  a long  history  of  introduc- 
tions worldwide,  partly  because  it  is  so  easily  reared  on 
factitious  diets,  because  it  readily  attacks  a wide  range 
of  pests,  and  because  its  diapause  is  not  obligatory 
(Chapter  6).  It  is  has  proved  an  excellent  biological 
control  agent  of  scales  and  aphids  occurring  on  a mul- 
titude of  plants  including  alfalfa,  apple,  citrus,  maize, 
cotton,  hops,  pecan,  pines  and  soybean.  For  example, 
With  et  al.  (2002)  showed  that  Har  axyridis  was  more 
effective  than  the  indigenous  Col.  maculata  in  tracking 
pea  aphids  to  low  densities  on  patches  of  red  clover  in 
a structurally  fragmented  landscape.  Har.  axyridis  has 
also  has  been  commercially  produced  and  released 
in  augmentation  programmes  throughout  western 
Europe  since  the  1980s  with  little  apparent  concern  for 
the  establishment  of  feral  populations  (Adriaens  et  al. 
2003).  In  1993  it  was  introduced  into  citrus  orchards 
in  Greece  (Katsoyannos  et  al.  1997)  and  many  hun- 
dreds of  thousands  of  beetles  have  since  been  released 
in  various  orchard  and  urban  settings  there,  although 
establishment  remains  uncertain  as  yet.  Towards  the 
end  of  the  1990s.  Har.  axyridis  was  released  in  Mendoza 
province,  Argentina  and  by  2003  it  had  become  the 
dominant  aphid  predator  in  walnut  orchards  in  Buenos 
Aires  province  (Saini  2004).  Range  expansion  across 
much  of  South  America  is  now  expected  (Koch  et  al. 
2006). 

Between  1999  and  2002,  a large  scale  programme 
to  rear-and-release  Har.  axyridis  in  the  Yucatan  penin- 
sula of  Mexico  was  initiated  by  federal  agricultural 
agencies  in  an  effort  to  delay  movement  of  the  brown 
citrus  aphid,  Toxoptera  citricidiis,  into  the  primary 
citrus  growing  regions  to  the  north  (Lopez-Arroyo 
et  al.  2008).  Once  established  in  the  states  of  Yucatan 


and  Quintana  Roo,  populations  became  increasingly 
abundant  in  other  horticultural  habitats.  Additional 
releases  were  made  for  purposes  of  aphid  control  in 
pecan  orchards  in  northern  Mexico  (Quinones  & 
Tarango  2005).  In  2002,  Har.  axyridis  appeared  unex- 
pectedly in  the  mountains  near  Mexico  City,  far  from 
any  release  site,  and  spontaneous  colonization  of 
various  coastal  regions  has  since  been  confirmed.  In 
2004,  it  appeared  in  southeast  England  and  spread  at 
a rate  of  58-144  km  per  year  over  the  next  2 years 
(Brown  et  al.  2007). 

Intentional  North  American  introductions  of 

Har.  axyridis  began  in  the  early  1900s  in  California 
(Gordon  1985)  and  the  most  recent  US  introduction 
was  in  1985  in  North  Carolina  (McClure  1987). 
Despite  evidence  of  life  cycle  completion  in  the  field, 
none  of  these  original  American  introductions  appear 
to  have  resulted  in  established  populations.  Similarly, 
Har.  axyridis  failed  to  establish  in  the  Azores  despite  a 
series  of  releases  in  the  1990s  and  earlier  (Borges  et  al. 
2005).  Soares  et  al.  (2008)  hypothesized  extrinsic  eco- 
logical or  environmental  factors  as  potentially  respon- 
sible, but  such  failures  may  simply  be  due  to  founder 
effects  in  the  source  material  - i.e.  the  introduction  of 
small  groups  of  individuals  coincidentally  lacking 
genetic  composition  immediately  suited  to  local  condi- 
tions. More  recently,  it  appeared  unexpectedly  on  the 
relatively  barren  Sable  Island  off  the  coast  of  Nova 
Scotia  (Catling  et  al.  2009)  and  has  been  detected  as  a 
hitchhiker  on  ornamental  plants  imported  into  Norway 
from  western  Europe  (Sathre  et  al.  2010).  The  first 
established  North  American  populations  of  Har. 
axyridis  were  discovered  in  Louisiana  and  Georgia 
(Chapin  & Brou  1991),  hundreds  of  miles  from  any 
release  site.  It  is  now  thought  by  some  that  Har.  axyridis 
was  accidentally  introduced  in  cargo  containers  arriv- 
ing at  a Gulf  of  Mexico  seaport  (Day  et  al.  1994)  and 
genetic  studies  seemingly  point  to  a single  founding 
population  in  North  America  (Krafsur  et  al.  1997).  A 
detailed  history  of  Har.  axyridis  introductions  world- 
wide can  be  found  in  Soares  et  al.  (2008). 

1 1 .3.4  Competitive  displacement 

Competitive  displacement  of  native  ladybirds  has  often 
been  inferred  from  their  declining  abundance  follow- 
ing establishment  of  Har.  axyridis  (Brown  & Miller 
1998,  Colunga-Garcia  & Gage  1998,  Michaud  2002c, 
Mizell  2007)  and  C.  septempunctata  (Turnock  et  al. 
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2003).  Numerous  laboratory  studies  have  revealed 
the  advantages  enjoyed  by  Hai:  axyridis  in  intraguild 
predation  interactions  with  native  species  (Yasuda 
& Shinya  1997,  Cottrell  & Yeargan  1998,  Michaud 
2002c,  Snyder  et  al,  2004,  Burgio  et  al,  2005,  Cottrell 
2005),  Nevertheless,  Hat:  axyridis  has  coexisted  for 
many  years  in  Japan  with  its  sibling  species  Hai:  yedoen- 
sis,  a habitat  specialist  on  pine  trees  (Osawa  & Ohashi 
2008).  Although  declines  in  the  abundance  of  native 
species  in  regions  invaded  by  these  large  exotic  species 
have  raised  concern  among  conservationists,  the  com- 
plete elimination  of  autochthonous  coccinellid  species 
has  not  yet  been  documented  and  seems  unlikely. 
Rather,  native  species  may  simply  equilibrate  to  lower 
population  densities  in  the  cultivated  or  disturbed  habi- 
tats dominated  by  invasive  species,  or  retreat  to  more 
feral,  ancestral  habitats  (Evans  2004,  Acorn  2007, 
Harmon  et  al.  2007). 

Aside  from  the  apparent  impact  of  Har.  axyridis  on 
biodiversity,  it  has  gained  the  status  of  a pest  in 
North  America,  something  that  might  have  been  antic- 
ipated based  on  the  behavior  of  this  species  in  its  native 
China  (Wang  et  al.  2011).  Its  aggregative  hibernation 
behaviour  has  raised  the  ire  of  home-owners  when 
massive  hordes  of  overwintering  beetles  invade  houses 
(Fig.  11.3),  foul  living  quarters,  trigger  allergic  reac- 
tions in  susceptible  individuals  (Albright  et  al,  2006), 
and  even  ‘pinch’  exposed  skin  with  their  mandibles 
(Yarbrough  et  al.  1999,  Huelsman  et  al,  2002,  Koch 
2003),  Large  swarms  of  Har  axyridis  were  first  observed 
in  the  American  Midwest  in  2001  (Huelsman  et  al. 
2002)  apparently  as  a direct  result  of  a numerical 


Figure  11.3  Aggregation  of  Harmonia  axyridis  attempting 
to  enter  a house  under  a door  (courtesy  of  Marlin  Rice). 
(See  colour  plate.) 


response  to  the  large  populations  of  Aphis  glycines  that 
developed  in  soybean  fields  in  the  years  following  the 
aphid’s  invasion,  and  where  the  beetle  continues  to  be 
important  for  biological  control  (Fox  et  al,  2004).  Else- 
where, a propensity  for  feeding  on  ripening  fruit  has 
resulted  in  Har  axyridis  damaging  peaches  and  other 
soft-skinned  fruits  (Koch  et  al,  2004),  and  led  to  its 
emergence  as  a serious  flavour  contaminant  in  grapes 
(Pickering  et  al.  2007)  to  the  point  of  requiring  insec- 
ticide treatment  (Galvan  et  al.  2006a).  Consequently, 
the  recent  establishment  of  Har.  axyridis  in  southeast 
England  in  2004  (Roy  et  al.  2006)  and  in  South  Africa 
in  2006  (Stals  & Prinsloo  2007)  have  been  causes 
for  alarm. 


11.4  AUGMENTATION 
OF  COCCINELLIDS 

The  term  ‘augmentation’  refers  to  the  periodic 
release  or  inoculation  of  a natural  enemy  in  con- 
texts where  only  the  released  insects  or  their  immediate 
descendants  are  expected  to  exert  biological  control. 
Recent  reviews  of  the  augmentation  approach  con- 
tinue to  indicate  that  coccinellids  are  rarely  utilized 
in  such  programmes  (Collier  & van  Steen wyck  2004, 
Powell  & Pell  2007).  Two  limiting  factors  are  the  cost 
of  their  production  and  the  education  required  for 
their  effective  application  by  end  users.  Thus  many 
demonstration  projects  have  shown  potential  efficacy, 
but  have  failed  to  evolve  into  tactics  that  are  attractive 
or  economically  viable  pest  control  alternatives.  For 
example,  Baker  et  al,  (2003)  successfully  released  over- 
wintered adults  of  Cleohora  mellyi  and  Har.  coiiformis 
against  the  leaf  beetle  Chrysophtharta  bimaculata  on 
eucalyptus  trees  in  Australia,  but  concluded  this 
approach  was  only  economically  feasible  in  small, 
environmentally  sensitive  areas  where  pesticide  use 
was  not  acceptable.  The  pest  population  was  reduced 
below  economic  threshold  levels,  but  beetle  numbers 
declined  to  pre-release  levels  within  7 days, 

Coccinellid  augmentation  programmes  may  some- 
times be  useful  in  developing  countries  where 
labour  costs  associated  with  rearing  and  distribution 
are  low,  but  are  unlikely  to  prove  a viable  method 
of  pest  suppression  on  the  large-scale  commercial 
farms  of  the  developed  world,  especially  in  low  value 
row  crops.  For  example,  Heinz  et  al.  (1999)  tested 
augmentative  releases  of  Delphastus  catalinae  against 
Bernisia  tahaci  (as  B.  argentifolii)  on  cotton  in  the 
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Imperial  Valley  of  California.  Although  measurable 
reductions  of  whitefly  populations  were  obtained  in 
exclusion  cages,  open  field  evaluations  revealed  no  sig- 
nificant effects  of  releasing  adult  beetles  at  rates  of 
3. 5-5. 5 beetles  per  plant.  The  authors  implicated 
intraguild  predation  as  one  factor  possibly  limiting  the 
impact  of  released  D.  catalinae.  In  contrast,  smaller 
scale  organic  farms  producing  high  value  fruits  and 
vegetables  provide  a more  likely  setting  for  coccinellid 
augmentation  to  succeed,  especially  in  greenhouses 
that  afford  environmental  control  and  some  contain- 
ment of  released  insects.  Powell  and  Pell  (2007)  listed 
augmentation  trials  of  ladybirds  against  aphids  report- 
ing the  target  species,  crop,  life  stages  released,  and 
degree  of  success  obtained.  Notably,  a number  of  posi- 
tive results  were  obtained  when  parasitoids  or  other 
predators  were  released  in  conjunction  with  a coccinel- 
lid species. 

11.4.1  The  mealybug  destroyer 

Cryptolaemus  montrouzieri  is  a relatively  voracious 
predator  with  a long  history  of  use  in  biological  control 
making  it  probably  more  widely  utilized  in  augmenta- 
tion than  any  other  coccinellid  species.  Introduced  into 
California  in  1892,  it  has  been  used  in  augmentation 
programmes  against  various  mealybug  pests  (Pseudo- 
coccidae)  for  many  years  (Smith  & Armitage  1920, 
1931,  Fisher  1963).  Mealybug  infestations  are  notori- 
ously resilient  to  pesticide  applications,  a factor  that 
has  favoured  the  commercial  production  and  sale  of  C. 
montrouzieri  in  many  countries.  The  larvae  of  C.  mon- 
trouzieri produce  copious  wax  filaments  that  mimic 
those  of  mealybugs  and  enable  them  to  forage  effec- 
tively in  the  presence  of  tending  ants  that  may  attack 
other  predators  and  parasitoids  (Daane  et  al.  2007). 
Mani  et  al.  (2004)  reported  that  releases  of  C.  mon- 
trouzieri provided  complete  control  of  Rastrococcus 
imadens  on  sapodilla,  Manikara  zapota,  trees  in  a two 
month  period  with  no  other  sources  of  mortality 
evident:  similar  results  have  been  reported  on  mango 
(Mani  & Krishnamoorthy  2001).  Open  field  releases  of 
C.  montrouzieri  have  also  been  made  in  citrus  (Smith  & 
Armitage  1920,  Moore  & Hattingh  2004)  and  coffee 
(Hutton  2007),  although  not  always  with  favourable 
results  (Villalba  et  al.  2006). 

Cryptolaemus  can  also  be  useful  for  augmentation 
against  soft  scale  species  (Coccidae).  Smith  et  al.  (2004) 


reported  effective  reduction  of  Pulvinaria  urhicola  on 
Pisonia  trees  following  releases  of  C.  montrouzieri  in 
combination  with  three  parasitoid  species.  Mani  and 
Krishnamoorthy  (2007)  reported  that  C.  montrouzieri 
provided  effective  control  of  the  green  shield  scale,  Pul- 
vinaria psidii,  on  guava,  Psidium  guajava,  when  released 
at  a rate  of  10  adults  per  tree.  This  ladybird  is  often 
employed  in  greenhouse  systems  where  mealybugs  can 
be  especially  problematic,  although  it  requires  rela- 
tively warm  temperatures  to  be  effective  (Shrewsbury 
et  al.  2004).  Typically,  periodic  augmentation  is  neces- 
sary for  continued  pest  suppression  because  C.  mon- 
trouzieri numbers  crash  abruptly  as  their  prey  comes 
under  control.  However,  this  is  of  little  concern  when 
inundative  releases  are  used  to  assist  with  rapid 
suppression  of  large  pest  populations  during  periods 
of  parasitoid  introduction.  For  example,  the  pink  hibis- 
cus mealybug,  Maconellicoccus  hirsutus,  has  a very 
effective  specialist  parasitoid,  Anagyrus  kamali,  but 
mass  releases  of  C.  montrouzieri  can  reduce  large  popu- 
lations on  the  primary  woody  host  plants  much  more 
rapidly,  allowing  many  trees  to  recover  (Villa  Castillo 
2005,  Santiago-Islas  et  al.  2008).  Chemical  treatments 
are  far  less  effective  and  would  interfere  with  establish- 
ment of  the  parasitoid,  which  is  subsequently  able  to 
maintain  the  pest  at  densities  too  low  to  sustain  the 
predator  in  any  numbers.  However,  Chong  and  Getting 
(2007)  recommended  that  parasitoid  releases  against 
citrus  mealybug,  Planococcus  citri,  should  precede 
those  of  C.  montrouzieri  by  a period  sufficient  to  ensure 
substantial  mummification  of  the  next  generation  so 
that  intraguild  predation  on  parasitoid  larvae  would 
be  minimized. 


11.4.2  Redistribution  of  coccinellids 

In  the  mountains  of  the  Sierra  Nevada,  California,  the 
aggregation  of  large  numbers  of  overwintering  Hip. 
convergens  has,  for  almost  a century,  facilitated  their 
collection  for  purposes  of  redistribution  in  vegetable 
and  row  crops  (Fink  1915:  Chapter  6).  This  practice 
has  been  criticized,  largely  because  overwintered 
beetles  tend  to  have  a strong  dispersal  tendency  that 
results  in  the  immediate  emigration  of  most  indi- 
viduals from  release  sites  (Obrycki  & Kring  1998), 
but  also  because  of  their  low  fecundity  (Bjornson 
2008)  and  the  potential  for  distribution  and  transmis- 
sion to  other  species  of  diseases  such  as  microsporidia 
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(Saito  & Bjornson  2006).  Starks  et  al.  (1975)  explored 
night-time  releases  and  the  provision  of  shelter  and 
water  to  retain  imported  Hip.  convergens  in  sorghum 
fields  to  prey  on  S.  gmminum  but  these  efforts  failed  to 
inhibit  the  dispersal  of  the  coccinellids  significantly. 
Furthermore,  greenhouse  trials  indicated  that  a locally 
adapted  strain  was  more  effective  in  controlling  the 
greenbug.  Dreistadt  and  Flint  (1996)  provided  over- 
wintered H.  convergens  with  an  opportunity  to  fly  in 
screen  cages  as  a pre-release  conditioning  treatment, 
but  retention  of  the  beetles  on  aphid-infested  chrysan- 
themums was  only  marginally  improved,  Flint  and 
Dreistadt  (2005)  calculated  that  effective  control  of 
rose  aphids,  Macrosiphum  rosae,  could  be  obtained  with 
a release  rate  of  about  2300  adult  Hip.  convergens  per 
metre-squared  of  shrub-covered  surface,  a rate  corre- 
sponding to  double  that  normally  recommended  by 
commercial  suppliers.  The  authors  suggested  that  the 
approach  was  economically  feasible  given  costs  com- 
parable to  an  insecticide  treatment,  but  did  not  address 
the  possible  impact  of  such  collections  on  local  popula- 
tions. The  large  scale  collection  and  sale  of  Hip.  conver- 
gens from  the  Sierra  Nevada  mountains  continues  until 
present  times,  but  represents  a commercial  enterprise 
that  exploits  the  public  appeal  of  biological  control, 
usually  without  delivering  the  results  (e.g.  Randolph 
et  al.  2002). 


1 1 .4.3  Selection  of  source  material 
for  augmentation 

Care  should  be  taken  in  extrapolating  control  potential 
from  laboratory  feeding  experiments,  because  the 
range  of  prey  acceptable  to  coccinellids  in  confinement 
is  often  much  broader  than  that  in  the  field  (Chapter 
5),  This  can  be  true  for  various  reasons,  including  prey 
specificity,  plant  and  habitat  preferences  or  simple 
refuge  effects  that  are  eliminated  in  simplified  feeding 
situations.  For  example,  Corlay  et  al,  (2007)  observed 
that  larvae  of  the  swede  midge,  Contarinia  nasturtii, 
were  acceptable  prey  to  both  C.  septempunctata  and  Har. 
axyridis  when  presented  in  small  containers,  but  com- 
pletely escaped  predation  when  presented  on  potted 
broccoli  plants.  The  export  of  mass-collected  beetles  for 
augmentation  in  dissimilar  habitats  (where  they  are 
often  released  against  unfamiliar  prey)  may  be  mis- 
guided, even  when  locally  indigenous  species  are 
involved.  Such  export  is  based  on  the  implicit  assump- 


tion that  populations  of  a species  are  ecologically 
uniform  across  their  range  and  ignores  the  likely 
importance  of  local  adaptations  in  providing  effective 
biological  control. 


11.4.4  Voltinism  and  diapause 

Differences  in  voltinism  and  diapause  behaviour  have 
long  been  documented  among  European  populations 
of  C.  septempunctata  and  other  temperate  species 
(Chapter  6)  and  such  variation  can  pose  a significant 
impediment  to  efficacy  whenever  augmentation  pro- 
grammes employ  displaced  material.  In  the  New 
World,  Hip.  convergens  is  indigenous  throughout 
tropical  and  sub-tropical  America  but  has  highly  diver- 
gent ecology  and  prey  relationships  compared  to  popu- 
lations inhabiting  temperate  regions. 


11.4.5  Dietary  requirements 

The  nutritional  ecology  of  coccinellid  species  can  also 
vary  dramatically  among  geographically  separated 
populations,  probably  reflecting  underlying  genetic 
divergence  (Obrycki  et  al,  2001),  Curinus  coeruleus 
originates  in  Mexico  and  has  been  introduced  to 
Florida,  Hawaii  and  several  Asian  countries.  Popula- 
tions of  C.  coeruleus  in  Florida  are  unable  to  complete 
development  on  T.  citricidus  and  rarely  feed  on  this 
aphid,  whereas  in  Hawaii  they  mature  successfully  on 
this  prey  and  contribute  substantially  to  its  mortality 
on  citrus  trees  (J.P,  Michaud,  unpublished).  Similarly, 
Michaud  (2000)  was  unable  to  obtain  completed  devel- 
opment of  the  introduced  Eurasian  species  Coelophora 
inaequalis  on  T.  citricidus  using  material  collected  in 
central  Elorida,  despite  observing  successful  matura- 
tion on  this  prey  in  Puerto  Rico.  Wang  and  Tsai  (2001) 
obtained  successful  development  of  Coelophora  inaequa- 
lis on  T.  citricidus  using  material  from  southern  Elorida 
and  suggested  this  species  had  potential  to  control  the 
pest.  Intraspecilic  variation  in  prey  utilization  patterns 
probably  arises  from  different  founder  effects  in  colo- 
nizing populations  that  are  subsequently  amplified  by 
disruptive  selection  in  local  habitats.  However  wide- 
spread, such  divergence  of  populations  would  seem  to 
caution  against  augmentation  efforts  employing  ‘mail- 
order’ beetles  in  favour  of  collecting  and  culturing 
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Figure  11.4  The  effects  of  different  rates  of  introduction  of 
Adalia  Iripunctata,  as  either  eggs  or  adults,  on  the  numbers  of 
Myziis  persicae  on  sweet  peppers  in  a greenhouse  (from 
Hamalainen  1977.  with  permission). 

regionally  adapted  strains  with  proven  local  perform- 
ance on  the  target. 


1 1 .4.6  Life  stages  for  release 

It  is  prudent  to  consider  this  in  any  particular  coccinel- 
lid  augmentation  programme.  Eggs  are  quite  fragile 
and  subject  to  a variety  of  mortality  factors  prior  to 
hatching,  especially  predation  and  cannibalism,  ren- 
dering them  unsuitable  for  many  applications.  Never- 
theless, Hamalainen  (1977)  successfully  used  egg 
masses  of  A.  bipimctata  for  inundative  control  of  M. 
persicae  on  sweet  peppers  in  a greenhouse  (Fig.  11.4) 
and  techniques  have  been  developed  for  mass- 
producing  eggs  and  applying  them  in  the  field  (Shands 
et  al.  1970).  Kehrli  and  Wyss  (2001)  released  A. 
hipunctata  as  eggs  and  larvae  on  apple  trees  over  a 
range  of  dates  in  Switzerland  and  found  that  autumn 
releases  of  larvae  could  limit  the  deposition  of  over- 
wintering eggs  by  aphids  of  the  genus  Dysaphis,  leading 
to  reductions  in  the  numbers  of  fundatrices  the  follow- 
ing spring.  By  contrast,  releasing  egg  masses  was  less 
effective  due  to  the  higher  mortality.  However,  larvae 
are  more  costly  to  produce  than  eggs,  especially  if  they 
require  aphids  for  successful  development,  and  they 
can  suffer  high  levels  of  cannibalism  in  mass  culture, 
depending  on  the  species  and  the  adequacy  of  the 
diet.  Cannibalism  is  a particular  problem  in  breeding 
strictly  aphidophagous  species  and  it  is  perhaps  not 
surprising  that  most  coccinellids  mass-produced  in 
commercial  operations  are  species  that  can  be  reared 


on  non-aphid  prey  or  factitious  diets.  Pre-imaginal 
life  stages  are  more  practical  for  release  in  protected 
environments  such  as  greenhouses  and  interior  plant- 
scapes  where  their  survival  can  be  enhanced  by  protec- 
tion from  natural  enemies  and  control  of  the  physical 
environment. 

Adults  are  the  most  robust  life  stage  for  release. 
They  are  more  voracious  than  larvae,  but  also  the 
stage  most  prone  to  dispersal  from  release  sites.  Their 
effectiveness  is  enhanced  if  they  can  be  induced  to  lay 
eggs  prior  to  dispersal.  Deng  et  al.  (1987)  claimed 
>90%  reduction  of  sugar  cane  infestation  by  sugar 
cane  woolly  aphid,  Ceratovacuna  lanigera,  by  releasing 
field-collected  adults  of  Synonycha  grandis  and  Coelo- 
phora  biplagiata.  Yang  (1985)  reared  and  released 
between  600,000  and  800,000  P.  japonica  against  M. 
persicae  over  a period  of  4 years  in  cotton  fields  of 
Hubei.  China.  The  study  reported  much  lower  aphid 
populations  in  release  fields  compared  to  control  fields 
treated  with  insecticides,  and  at  a lower  cost.  Ahmed 
et  al.  (2006)  reported  successful  control  of  spider  mites 
on  cantaloupes  in  Egypt  when  releases  of  Stethorus 
gilvifrons  were  supplemented  with  applications  of 
Beauveria  bassiana.  Metarhizium  anisopliae  (both  ento- 
mopathogenic  fungi)  or  insecticidal  soap,  none  of 
which  provided  adequate  control  without  the  beetles. 
Presumably,  the  timing  of  field  releases  relative  to  pest 
population  development  is  a critical  factor  influencing 
efficacy  (10.1),  as  well  as  the  elicitation  of  oviposition 
at  release  sites  prior  to  emigration.  Some  progress  in 
limiting  emigration  has  been  achieved  by  releasing 
flightless  mutants,  first  discovered  in  A.  bipimctata 
(Marples  et  al.  1993)  and  later  mutagenically  induced 
in  Har  axyridis  (Tourniaire  et  al.  2000).  Weissenberger 
et  al.  (1999)  showed  that  the  flightless  strain  of  H. 
axyridis  has  greater  probability  of  laying  eggs  at  a 
release  site  by  virtue  of  its  reduced  dispersal  capability. 
Unfortunately  the  flightless  adults  have  significantly 
reduced  fecundity  (Ferran  et  al.  1998)  and  generally 
lower  fitness.  They  appear  more  vulnerable  to  intraguild 
predation  by  tertiary  predators  such  as  Reduviidae 
(Heteroptera)  and  retain  an  urge  to  disperse,  often 
wasting  considerable  time  and  energy  on  unsuccessful 
flight  attempts  (J.P.  Michaud,  unpublished). 

11.5  CONSERVATION 

In  recent  years,  environmental  concerns  have  given 
a renewed  emphasis  to  the  preservation  and 
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enhancement  of  indigenous  coccinellid  species  in 
order  to  improve  their  biocontrol  contributions  in 
natural  and  managed  ecosystems.  There  are  a wide 
variety  of  tactics  for  conserving  coccinellids  in  horti- 
cultural and  agricultural  settings.  In  general,  these 
aim  to  encourage  immigration,  discourage  emigration, 
mitigate  mortality  caused  by  cultural  activities  includ- 
ing the  application  of  pesticides,  or  improve  survival 
during  critical  periods  by  the  provision  of  specific 
resources,  usually  in  the  form  of  particular  plant 
species,  (See  also  11.6,4  below.) 

11.5.1  Alternative  or  supplementary  food 

The  rationale  for  providing  additional  food  for  coc- 
cinellids is  that  food  can  be  limiting  to  coccinellid  sur- 
vival or  retention  in  the  crop  during  critical  periods,  or 
can  be  used  to  attract  immigrant  beetles  into  crop  fields 
earlier  in  the  season  or  in  larger  numbers.  The  assump- 
tion is  that  provision  of  food  can  alter  the  spatial 
distribution  of  coccinellids  in  the  landscape  so  as  to 
improve  subsequent  biological  control  of  a pest  that  is 
initially  present  at  very  low  levels,  or  one  that  arrives 
in  a crop  with  some  predictability  with  respect  to 
season  or  plant  growth  stage.  There  exists  some  experi- 
mental evidence  to  support  the  effectiveness  of  this 
approach,  but  the  potential  has  been  largely  ignored  in 
commercial  agriculture.  (See  also  5.2.10.) 

Artificial  honeydews  have  been  employed  suc- 
cessfully to  attract  a variety  of  aphid  predators, 
including  coccinellids,  into  cropping  systems  (Hagen 
et  al,  1971,  Nichols  & Neel  1977),  Evans  and  Swallow 
(1993)  demonstrated  that  sucrose  sprays  were  more 
effective  than  protein  supplements  for  attracting  coc- 
cinellids and  chrysopids  into  alfalfa  fields.  Predator 
responses  to  sucrose  persisted  up  to  7 days  in  the 
absence  of  rain  and  resulted  in  reduced  densities  of 
Acyrthosiphum  pisum  in  sprayed  plots.  Mensah  and 
Madden  (1994)  successfully  employed  sucrose  sprays 
and  sugar  granules  in  feeding  stations  to  retain 
adult  Cleobora  mellyi,  in  target  areas.  Alhmedi  et  al. 
(2010)  showed  that  limonene  was  attractive  to  gravid 
Har.  axyridis  females  in  both  laboratory  and  field  trials 
and  increased  their  oviposition  on  plants.  More 
recently,  herbivore-induced  plant  volatiles  have 
been  synthesized  that  demonstrated  activity  in  attract- 
ing beneficial  insects  into  hop  orchards,  including 
the  mite  predator  Stethoms  punctum  picipes  (James 
2003). 


The  ecological  significance  of  herbivory  by  coc- 
cinellids in  agricultural  landscapes  has  probably  not 
received  adequate  attention  (but  5.2.9).  Both  adult  and 
larval  coccinellids  have  been  observed  consuming 
tender  plant  foliage,  although  this  has  often  been  dis- 
missed as  simply  a means  to  obtain  water.  Moser  et  al. 
(2008)  have  shown  that  larvae  of  Har.  axyridis  and  Col. 
maculata  readily  feed  on  maize  seedlings  even  in  the 
presence  of  animal  prey.  Coccinellids  regularly  utilize 
the  extrafloral  nectaries  on  wild  and  cultivated  sun- 
flowers, Helianthus  annuus  as  a source  of  hydration  and 
supplementary  nutrition  on  the  arid  High  Plains  of 
Kansas  (Michaud  & Qureshi  2005,  2006).  In  spring, 
large  numbers  of  first  generation  coccinellids  (mostly 
Hip.  convergens,  Hip.  sinuata,  C.  septempunctata  and  Col. 
maculata)  mature  on  the  aphids  infesting  winter  wheat 
and  emigrate  en  masse  from  the  crop  just  prior  to 
harvest  in  mid  June,  These  beetles  face  hot  dry  condi- 
tions, a scarcity  of  essential  prey  (Fig,  5,1),  and  often 
a complete  lack  of  free  water,  save  the  occasional  dew. 
By  maintaining  a reproductive  diapause,  the  beetles 
are  able  to  sustain  themselves  throughout  summer 
months  on  the  extrafloral  nectar  of  sunflowers  (Fig, 
11.5)  and  the  occasional  supplementary  prey  item 
until  aphids  become  available  once  again  as  cooler 
weather  returns  in  the  autumn.  Thus  the  presence  of 
abundant  sunflowers  in  the  region,  including  substan- 
tial cultivated  acreage,  represents  a valuable  resource 


Figure  11,5  Close-up  of  an  adult  Hippodamia  convergens 
drinking  extra-floral  nectar  from  the  petiole  of  a sunflower 
plant  Helianthus  annuus  (J.P.  Michaud).  (See  colour  plate.) 
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that  enables  the  beetle  population  to  survive  adverse 
summer  conditions  and  subsequently  limit  aphid 
establishment  on  emergent  winter  cereals  in  autumn. 
Coccinellid  consumption  of  plant  material  other  than 
pollen  has  received  little  attention  and  could  provide 
some  novel  opportunities  for  area-wide  conservation, 
just  as  the  planting  of  suitable  flowers  can  enhance 
parasitoid  foraging. 

11.5.2  Hibernation  refuges 

In  temperate  regions  where  overwintering  mortality 
can  be  high,  the  planting  of  hibernation  refuges  such 
as  ‘beetle  banks'  (Fig.  11.6)  has  successfully  enhanced 
coccinellid  survival  in  various  agricultural  contexts 
including  sugar  beet  (Bombosch  1965),  Brussels 
sprouts  (van  Emden  1965)  and  potatoes  (Galecka 
1966).  Iperti  (1966)  developed  traps  that  simulated 
rocky  crevices  to  shelter  overwintering  Ceratomegilla 
(=  Semiadalia)  undecimnotata.  reduce  their  infection  by 
Beauveria  bassiana,  and  facilitate  their  collection  for 
redistribution.  Bandages  on  branches  (Nohara 
1962)  or  metal  bands  on  tree  trunks  (Tamaki  & Weeks 
1968)  have  proven  useful  as  artilical  hibernation 
refuges  for  coccinellids  in  arboral  settings.  Construc- 
tion of  artificial  shelters  may  sometimes  be  feasible  in 
high-value  vegetable  crops,  but  is  probably  cost- 
prohibitive  in  most  large  scale  agricultural  settings  and 
current  approaches  to  enhancing  overwintering  sur- 
vival tend  to  rely  on  recognizing  and  preserving  natural 
hibernation  sites. 


1 1 .5.3  Habitat  management 

Conservation  of  coccinellid  populations  hinges  on 
understanding  the  full  range  of  resources  utilized  by 
all  life  stages  of  a coccinellid  species  throughout  a com- 
plete annual  cycle.  Potentially  important  considera- 
tions include  the  preservation  of  natural  shelter  or 
overwintering  sites,  the  diversification  of  plant  com- 
munities to  improve  availability  of  food  and  shelter, 
and  modifications  to  conventional  agricultural  prac- 
tices that  minimize  impacts  on  coccinellid  populations. 
These  modifications  include  tactics  such  as  strip- 
harvesting. intercropping,  reduced  tillage,  restriction 
of  pesticide  applications  to  spot  or  strip  treatments, 
and  the  use  of  pesticides  with  selective  modes  of 
action.  Unfortunately,  the  scaling  up  of  commercial 


Figure  11.6  A ‘beetle  bank’  comprising  a strip  of  perennial 
grasses  forming  dense  tussocks  to  serve  as  overwintering 
habitat  for  coccinellids  and  other  beneficial  insects  (Otago 
Regional  Council,  New  Zealand).  (See  colour  plate.) 


agriculture  has  generally  resulted  in  larger  fields  of 
individual  crops,  reduced  landscape  complexity  and 
increased  habitat  fragmentation  for  coccinellids, 
factors  potentially  reducing  their  ability  to  effectively 
track  and  control  their  prey  (Elliott  et  al.  2002a,  With 
et  al.  2002).  For  example,  Altieri  and  Todd  (1981) 
showed  that  coccinellids  remained  more  concen- 
trated in  border  rows  of  soybean  fields  than  in 
central  parts.  The  floral  composition  of  the  surround- 
ing landscape  often  explains  a lot  of  observed  variation 
in  field-to-field  coccinellid  diversity  and  abundance 
(e.g.  Elliott  et  al.  2002b).  In  addition,  benefits  observed 
in  small-scale  research  plots  may  not  be  congruent 
with  results  obtained  in  larger  scale  commercial  fields 
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(Corbett  1998).  Thus,  there  is  a need  for  continued 
study  of  coccinellid  responses  over  various  landscape 
scales  if  habitat  management  approaches  to  their  con- 
servation are  to  be  successful. 

11.5.3.1  Strip-harvesting 

Strip-harvesting  alfalfa  (aka,  lucerne)  is  one  way  to 
prevent  the  post-harvest  emigration  of  local  pred- 
ator populations  as  a consequence  of  food  deprivation, 
thus  conserving  natural  enemies  in  fields  and  facilitat- 
ing their  rapid  colonization  of  harvested  areas  when 
re-growth  occurs.  This  approach  has  a long  history 
of  use  in  alfalfa  production  (Scholl  & Medler 
1947)  where  it  functions  to  stabilize  biological  control 
of  a range  of  pests  and  conserve  coccinellids,  among 
other  beneficial  species  (Schlinger  & Dietrick  1960, 
Hossain  et  al.  2001,  Weiser  et  al.  2003).  This  approach 
has  potential  for  conserving  coccinellids  in  other 
perennial  forage  crops  where  aphids  may  cause  losses. 
As  with  other  forms  of  habitat  management,  even 
with  proven  results,  the  challenge  in  strip  harvest- 
ing is  one  of  implementation  at  farm  level  where  the 
immediate  convenience  of  conventional  practices 
too  often  pre-empts  consideration  of  future  benefits 
that  might  be  obtained  with  minor  procedural 
modifications. 

1 1.5. 3. 2 Floral  diversity  (non-crop  plants) 

Coccinellids  demonstrate  affinities  for  particular  plants 
independent  of  prey  availability  but,  although  such 
preferences  have  been  recognized,  they  have  not  been 
effectively  exploited  in  biological  control.  For  example, 
Schmid  (1992)  observed  that  coccinellids  in  Germany 
had  consistent  patterns  of  occurrence  on  particular 
non-crop  plant  species,  mostly  common  weeds,  and 
avoided  others.  These  affinities  were  often  independent 
of  the  presence  of  prey  as  fully  40%  of  the  coccinellids 
were  observed  on  plants  without  aphids.  Lixa  et  al. 
(2010)  demonstrated  that  six  species  of  Coccinellidae 
were  attracted  to  aromatic  species  of  Apiaceae 
(dill,  coriander  and  sweet  fennel)  particularly  in  their 
blooming  seasons  and  Silva  et  al.  (2010)  found 
increased  abundance  of  coccinellids  and  other  benefi- 
cial insects  in  lemon  orchards  in  response  to  ground 
cover  vegetation. 

Although  the  potential  exists  to  enhance  coccinellid 
biological  control  via  management  of  vegetative  diver- 
sity. it  will  always  be  difficult  in  practice  to  encourage 


tolerance  by  farmers  of  plants  considered  weeds  in 
other  contexts.  Kranz  and  Sengonca  (2001)  tested  a 
range  of  plants  for  their  relative  attractiveness  to  C. 
septempunctata  and  successfully  used  preferred  plants 
(Medicago  sativa  and  Artemisia  vulgaris)  to  influence  the 
distribution  and  abundance  of  beetles  in  the  field. 
Harmon  et  al.  (2000)  found  that  a pollen-bearing 
weed  (dandelion.  Taraxacum  officinale)  interspersed  in 
alfalfa  attracted  sufficient  concentrations  of  Col.  macu- 
lata  to  locally  reduce  A.  pisum  densities  relative  to 
alfalfa  patches  lacking  the  weed.  The  work  of  Grez 
et  al.  (2010)  in  Chile  illustrates  just  how  species- 
specific  coccinellid  responses  can  be  to  various  types 
vegetation  bordering  agricultural  fields.  However, 
border  vegetation  planted  to  provide  supplementary 
food  resources  or  alternative  prey  for  coccinellids  may 
sometimes  impede  their  timely  dispersal  into  adjacent 
crops,  a phenomenon  often  referred  to  as  ‘apparent 
competition’  (Frere  et  al.  2007).  For  example,  stinging 
nettle,  Urtica  dioica,  has  long  been  recognized  as  a res- 
ervoir plant  for  coccinellids  (Perrin  1975),  but  such 
reservoirs  cannot  benefit  biological  control  unless 
beetles  leave  them  and  enter  crop  fields.  Thus,  Alhmedi 
et  al.  (2007)  suggested  cutting  border  strips  of 
nettle  to  encourage  timely  movement  of  coccinellids 
into  neighbouring  field  crops  in  Belgium,  since  nettle 
aphids  colonized  earlier  in  the  season  than  species 
infesting  green  pea  and  wheat. 

11.5.3.3  Intercropping 

Fye  and  Carranza  (1972)  showed  that  intercropping 
grain  sorghum  with  cotton  could  increase  populations 
of  Hip.  convergens  in  the  cotton  due  to  the  abundance 
of  greenbug  in  sorghum  early  in  the  growing  season. 
Patt  et  al.  (1997)  showed  that  intercropping  aubergine 
(egg  plant)  with  dill  or  coriander  improved  coccinellid 
diversity  and  abundance  and  increased  mortality  of  L. 
decemlineata  eggs  and  larvae,  largely  due  to  the  attrac- 
tiveness and  suitability  of  these  flowers  for  both  Col. 
maculata  and  Chrysopeiia  carnea.  Unfortunately,  as 
mentioned  above,  manipulation  of  vegetation  can  have 
both  positive  and  negative  effects  on  biological  control 
in  a particular  crop,  depending  on  the  plant  and  insect 
species  involved.  Andow  and  Risch  (1985)  found  that 
densities  of  Col.  maculata  remained  higher  in  monocul- 
tures of  maize  than  in  polycultures  where  maize  was 
intercropped  with  beans,  squash  or  red  clover.  Preda- 
tion on  0.  nuhilalis  eggs  by  Col.  maculata  was  also 
higher  in  the  monoculture,  apparently  because  maize 
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served  as  a better  source  of  alternative  foods  (aphids 
and  pollen)  than  did  the  other  plants.  Similarly,  Sea- 
graves  & Yeargan  2006)  used  tomato  as  a companion 
plant  to  improve  oviposition  and  egg  survival  of  Col. 
maculata  in  corn  plots,  but  this  did  not  increase  preda- 
tion on  Helicoverpa  zea  egg  masses  in  the  corn. 

1 1.5. 3. 4 Reduced  tillage 

The  widespread  adoption  of  reduced  tillage,  or  ‘no-till’ 
agriculture  in  the  American  High  Plains  over  the  past 
several  decades  was  promoted  to  farmers  for  soil  mois- 
ture conservation  in  this  arid  region.  However,  it  also 
appears  correlated  with  an  area-wide  reduction  of 
cereal  aphid  problems  in  wheat  and  sorghum.  Part  of 
the  effect  may  result  from  decreased  rates  of  aphid 
colonization  due  to  crop  residues  functioning  as  a 
mulch  with  reflective  properties  that  reduce  the  ‘appar- 
ency’ of  the  crop  plant  (Burton  & Krenzer  1985). 
There  are  also  potential  benefits  for  natural  enemies 
such  as  coccinellids,  the  predators  most  often  identified 
as  responsible  for  biological  control  of  cereal  aphids  in 
North  America  (Nechols  & Harvey  1998,  Michels  et  al. 
2001).  The  structural  complexity  of  habitats  has  been 
correlated  with  increased  abundance  and  diversity  of 
natural  enemies,  including  coccinellids  (Langellotto  & 
Denno  2004).  Crop  residues  in  fields  probably  improve 
insect  diversity  by  creating  structural  complexity  on 
the  soil  surface,  thus  providing  shelter  for  many  species, 
as  well  as  by  providing  food  for  detritivores  and  other 
non-pest  insects,  some  of  which  may  serve  as  alterna- 
tive food  for  coccinellids.  Although  some  studies  have 
found  no  measurable  effects  of  reduced  tillage  on  coc- 
cinellid  activity  (Rice  & Wilde  1991),  others  have  noted 
favourable  influences.  Marti  & Olson  (2007)  observed 
larger  numbers  of  aphidophagous  coccinellids  in 
cotton  fields  under  reduced  tillage  in  Georgia,  USA, 
although  the  treatment  also  increased  populations  of 
the  red  imported  fire  ant,  Solenopsis  invicta,  a known 
antagonist  of  coccinellids  and  other  aphid  natural 
enemies  (Eubanks  et  al.  2002).  Although  it  is  clear  that 
coccinellids  avoid  tilled  or  bare  soils,  the  extent  to 
which  they  might  utilize  crop  residues  as  overwinter- 
ing sites  has  not  been  adequately  explored. 

Hesler  and  Berg  (2003)  observed  that  reduced  tillage 
increased  early  season  infestation  by  Rliopalosiphuin 
padi  in  spring-sown  cereals,  an  effect  they  inferred 
resulted  from  crop  residues  providing  protection  to  the 
aphid  which  feeds  preferentially  on  the  lower  stems 
of  plants.  However,  this  inference  contrasts  with  the 


findings  of  Schmidt  et  al.  (2004)  who  managed  to 
improve  biological  control  of  R.  padi  in  spring  wheat 
using  a straw  mulch  treatment  that  would  have  pro- 
vided the  aphids  with  physical  protection  similar  to 
crop  residues.  These  authors  concluded  that  bare  soil 
discouraged  predators  and  rendered  the  crop  more 
susceptible  to  pests.  Given  the  similarity  of  the  crop- 
ping systems,  it  seems  unlikely  that  increased  struc- 
tural complexity  alone  can  account  for  the  contrasting 
results  of  these  two  studies,  and  the  assemblages  of 
natural  enemies  were  also  very  different.  Reduced 
tillage  is  also  known  to  result  in  cooler  soil  tempera- 
tures and  slower  warming  of  the  soil  in  spring,  a factor 
that  might  impede  the  activity  of  coccinellids  and  other 
predators  relative  to  aphids  in  specific  situations.  Thus 
it  seems  plausible  that  conditions  may  exist  where  the 
benefits  of  reduced  tillage  to  coccinellids  are  offset  by 
microclimatic  effects. 

Reports  from  Mexico  suggest  that  adoption  of  no- 
till farming,  known  locally  as  ‘direct  seeding’,  has  had 
a long-term  beneficial  effect  on  the  abundance  of 
aphidophagous  coccinellids.  In  the  Michoacan  region 
of  Mexico,  summer  crops  of  maize  or  sorghum  are 
typically  followed  by  winter  crops  of  wheat  or  barley, 
a crop  cycle  similar  to  that  seen  across  much  of 
the  Great  Plains  region  to  the  north,  albeit  on  an 
earlier  seasonal  schedule.  Bahena  and  Fregoso  (2007) 
sampled  populations  of  beneficial  insects  annually  in 
the  winter  crops  of  a number  of  fields  that  had  been 
switched  to  continuous  conservation  tillage  for  periods 
as  long  as  10  years.  Their  data  showed  a trend  toward 
increasing  annual  abundance  of  beneficial  insects 
over  time,  particularly  of  Hip.  convergens  that  com- 
prised 80%  of  observed  predators  (Fig.  11.7).  Reduc- 
tions in  the  use  of  pesticides  such  as  methyl  parathion 
for  aphids  were  also  noted  over  this  period  although  it 
is  not  clear  to  what  extent  they  resulted  from,  or  con- 
tributed to,  the  increase  in  Hip.  convergens  abundance. 

11.6  ANCILLARY  FACTORS 
INFLUENCING  BIOLOGICAL  CONTROL 
BY  COCCINELLIDS 

11.6.1  Ant-attendance  of  aphid  colonies 

Various  ant  species  tend  honeydew-producing  insects 
and  are  notorious  antagonists  of  coccinellids,  repelling 
them  from  colonies  of  their  prey  (Cudjoe  et  al.  1993, 
Michaud  & Browning  1999,  Kaneko  2002)  and  even 
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Figure  11.7  Mean  numbers  of  predatory  insects  per  sample  (primarily  Hippodamia  convergens)  in  fields  converted  to  reduced 
tillage  cultivation  in  Michoacan,  Mexico  over  a period  of  10  years.  The  primary  crop  cycle  was  maize  in  summer  followed  by 
wheat  in  winter  (courtesy  of  Bahena  & Fregoso  2007).  The  logarithmic  regression  line  obscures  the  fact  that  the  maximum 
number  of  predators  is  actually  reached  in  less  than  10  cycles. 


preying  upon  them  (Sloggett  et  al.  1999).  (See  also 
5. 4. 1.6  and  8.2.4)  Where  feasible,  the  exclusion  of 
ants  may  improve  biological  control  by  coccinellids. 
For  example,  Itioka  and  Inoue  (1996)  obtained  greatly 
improved  control  of  citrophilus  mealybug,  Pseudococ- 
cus cryptus,  by  Chil.  kuwaiiae  when  they  excluded  Lasius 
niger  ants  from  citrus  trees.  In  Hawaii,  Reimer  et  al. 
(1993)  obtained  control  of  green  scale.  Coccus  viridis, 
on  coffee  trees  when  they  excluded  tending  Pheidole 
megacephala  ants  that  preyed  on  larvae  of  four  coc- 
cinellid  species.  Similarly,  biological  control  of  mealy- 
bugs on  pineapples  by  parasitoids  and  predators, 
including  the  coccinellid  Nephus  biluceniarius,  was  sub- 
stantially improved  by  the  use  of  hydramethylnon 
baits  to  reduce  populations  of  tending  ants,  prima- 
rily P.  megacephala  (Gonzalez-Hernandez  et  al.  1999). 
However,  the  larvae  of  some  coccinellid  species  produce 
wax  filaments  that  can  provide  protection  against 
ant  predation  (e.g.  Scymnus  lousianae,  Schwartzberg 
et  al.  2010)  and  such  species  may  actually  benefit  from 
ant  attendance  (e.g.  Azya  orhigera,  Liere  & Perfecto 
2008). 

11.6.2  Timing  of  arrival  in  annual  crops 

Timely  immigration  is  often  crucial  to  the  impact  of 
coccinellids  on  aphid  populations  and  different  species 


exhibit  different  seasonal  cycles  (Elliott  & Kieckhefer 
1990).  These  cycles  are  affected  by  many  factors,  espe- 
cially weather.  For  example,  a cold  snap  in  spring  can 
de-couple  biological  control  of  aphids  in  winter  cereals 
by  slowing  the  development  and  reproduction  of  coc- 
cinellids and  other  predators  relative  to  the  aphids,  and 
by  delaying  crop  development  that  in  turn  extends  the 
period  of  plant  vulnerability  to  aphid  feeding.  Early 
recognition  of  conditions  potentially  disruptive  to  prey 
tracking  by  coccinellids  can  permit  a timely  interven- 
tion and  prevent  economic  losses. 

The  importance  of  seasonal  cycles  of  crop  coloniza- 
tion by  coccinellids  is  well  illustrated  in  sorghnm  pro- 
duction on  the  High  Plains  of  the  USA  (Kring  et  al. 
1985,  Kring  & Gilstrap  1986,  Michels  & Burd  2007). 
Early  season  infestations  of  Rhopalosiphum  maidis 
attract  large  numbers  of  aphid  predators,  mostly  coc- 
cinellids (Hip.  spp.,  but  also  C.  septempunctata,  Col. 
maculata  and  other  native  species)  and  chrysopids  into 
sorghum  fields  where  they  complete  a generation  on 
this  prey.  Although  a number  of  R.  maidis  colonies 
escape  control  and  become  large,  they  cause  no  eco- 
nomic damage  to  the  plants  and  largely  disappear 
before  the  panicles  emerge.  The  predators  attracted  to 

R.  maidis  also  feed  on  S.  graminum,  a pest  that  is  highly 
damaging  to  sorghum  (Rice  & Wilde  1988).  Alates  of 

S.  graminum  arrive  later  in  mid-summer  and  confront 
a population  of  newly  emerged,  hungry  coccinellid 
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adults  that  exhaustively  seek  out  and  destroy  greenbug 
colonies  in  their  formative  stages,  usually  preventing 
the  development  of  economic  populations.  The  gener- 
alist aphid  parasitoid  Lysiphlebus  testaceipes  is  slower 
to  respond,  but  eventually  aids  in  maintaining  the 
greenbug  at  low  density.  The  risk  of  economic  losses  to 
greenbug  is  high  only  when  R.  maidis  fails  to  colonize 
the  crop  in  sufficient  numbers  to  ‘prime’  the  coccinellid 
population  (Michels  &Behle  1992).  Thus,  when  relying 
on  coccinellids  to  provide  aphid  control  in  annual  field 
crops,  agricultural  producers  should  learn  to  recog- 
nize and  monitor  the  seasonal  cycle  of  crop  colo- 
nization by  these  insects  so  that  they  can  be  prepared 
to  intervene  with  supplementary  controls  in  a timely 
manner  in  the  event  of  any  disruption. 


11.6.3  Interaction  of  biological  control  by 
coccinellids  with  plant  structure  and 
chemistry 

Since  the  plant  is  typically  the  theatre  for  biological 
control,  plant  architecture  and  chemistry  may  influ- 
ence outcomes  (5. 4. 1.1).  Features  such  as  high  struc- 
tural complexity  (Grevstad  & Klepetka  1992,  Khan 
& Matin  2006)  and  trichomes  (Belcher  & Thurston 
1982,  Eisner  et  al.  1998,  Heidari  1999)  are  known  to 
impede  coccinellid  foraging  ability,  but  may  still  be 
compatible  with  biocontrol.  Shah  (1982)  demon- 
strated that  varying  the  form  and  relative  density  of 
leaf  trichomes  had  markedly  divergent  impacts  on  A. 
hipunctata  larval  foraging.  Although  larvae  were 
unable  to  search  leaves  with  dense  upright  or  hooked 
hairs,  searching  efficiency  was  increased  by  widely 
scattered  hairs  that  caused  larvae  to  change  direction 
frequently.  In  contrast,  larval  foraging  on  waxy  or 
highly  glabrous  leaves  was  confined  to  edges  and 
protruding  veins.  Obrycki  et  al.  (1983)  found  that  tri- 
chome  density  on  potato  cultivars  was  inversely  cor- 
related with  aphid  density  when  natural  enemies  (Hip. 
convergens  and  others)  were  excluded,  but  concluded 
that  intermediate  densities  of  trichomes  would  give  the 
best  combination  of  pest  resistance  and  biocontrol  in 
the  field.  Other  plant  features  which  discourage  pests 
may  also  have  unintended  effects  on  coccinellid  activ- 
ity. Cotton  cultivars  lacking  extrafioral  nectaries  reduce 
damage  by  Lygus  spp.  plant  bugs,  but  such  cultivars  are 
also  less  attractive  to  natural  enemies,  including  coc- 
cinellids (Scott  et  al.  1988).  However,  Katayama  and 
Suzuki  (2010)  found  that  the  presence  of  extrafloral 


nectaries  on  broad  bean  plants  enhanced  the  survival 
of  nuclear  colonies  of  Aphis  cracdvora  largely  because 
of  their  greater  attractiveness  to  two  ant  species  that 
diminished  the  foraging  activities  of  C.  septempunctata 
larvae. 

Certain  plant  characteristics  may  facilitate  biologi- 
cal control  by  coccinellids.  Kareiva  and  Sahaldan 
(1990)  found  that  a 'leafless'  pea  variety  had  higher 
than  expected  resistance  to  pea  aphid  in  the  field, 
simply  because  adult  coccinellids  were  able  to  grasp  the 
tendrils  and  forage  more  efficiently  for  the  aphids  than 
on  glossy  leaves  from  which  they  often  slipped  and 
fell.  This  tritrophic  effect  has  been  termed  ‘extrinsic 
resistance’.  Eigenbrode  et  al.  (1995)  showed  that  a 
cabbage  variety  with  glossy  (as  opposed  to  normal 
waxy)  leaves  reduced  leaf  mining  by  Plutella  xylosteUa 
larvae,  increasing  their  exposure  to  predation  by  Hip. 
convergens  and  other  predators  in  addition  to  affording 
improved  mobility  for  the  predators.  Similarly,  Eigen- 
brode et  al.  (1998)  showed  that  adult  Hip.  convergens 
foraged  more  effectively  on  pea  cultivars  with  reduced 
epicuticular  wax  and  Rutledge  et  al.  (2003)  found  that 
such  cultivars  hosted  lower  pea  aphid  populations 
in  field  plots  than  isolines  that  lacked  this  trait.  Com- 
paring these  isolines  in  cage  and  laboratory  tests 
without  predators  revealed  no  differences  between 
them  in  plant  acceptance  by  aphids  or  their  subsequent 
performance.  The  authors  concluded  that  higher  for- 
aging efficiency  was  responsible  for  the  greater  coc- 
cinellid abundance  and  lower  aphid  populations  on  the 
reduced  wax  cultivar  in  the  field. 

The  effectiveness  of  biocontrol  is  sometimes  a func- 
tion of  plant  susceptibility  to  the  pest,  creating  the  pos- 
sibility for  synergism  between  plant  resistance 
factors  and  natural  enemies  such  as  coccinellids.  In 
cereal  breeding,  much  effort  has  been  directed  toward 
developing  cultivars  resistant  to  aphids,  particularly 
S.  gmininum  and  the  Russian  wheat  aphid  Diumpliis 
noxia.  Most  sources  of  resistance  available  in  commer- 
cial wheat,  sorghum  and  barley  cultivars  express  anti- 
biosis that  serves  to  impede  aphid  development  and 
reproduction,  coupled  in  some  cases  with  a degree  of 
antixenosis  (van  Emden  2007).  Although  such  resist- 
ant cultivars  ultimately  succumb  to  uncontrolled 
aphid  populations,  they  are  able  to  survive  longer  than 
susceptible  ones  and  effectively  prevent  yield  losses 
when  supported  by  the  activities  of  natural  enemies 
such  as  coccinellids.  By  slowing  aphid  growth  and 
reproduction,  they  extend  the  period  during  which 
colonies  remain  small  and  vulnerable  to  elimination. 
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Figure  1 1.8  Hypothetical  aphid  colony  growth  trajectories 
on  susceptible  and  resistant  cereal  plants  in  the  absence  of 
natural  enemies.  As  the  carrying  capacity  of  the  plant  is 
reached,  the  plant  begins  to  die  and  alate  aphids  develop 
and  disperse.  Since  antibiosis  delays  aphid  colony  growth  on 
the  resistant  plant,  more  time  is  required  for  the  colony  to 
reach  the  economic  injury  threshold  (dashed  line),  and  an 
incremental  period  (solid  line)  becomes  available  tor  the 
actions  of  coccinellids  and  other  natural  enemies  to  prevent 
economic  damage. 


and  the  time  required  for  the  economic  injury  level  to 
be  reached  (Fig.  11.8).  Wheat  cultivars  resistant  to  D. 
noxia  are  not  selected  simply  for  antibiosis,  but  also  for 
resistance  to  leaf  rolling,  a plant  response  induced  by 
aphid  feeding  that  creates  a physical  refuge  from  forag- 
ing coccinellids  and  other  natural  enemies  (Kauffman 
& LaRoche  1994).  Farid  et  al.  (1997)  demonstrated 
that  wheat  resistance  to  leaf  rolling  by  D.  noxia  was 
complementary  to  biological  control  by  Scymnus  fron- 
talis because  the  suitability  of  D.  noxia  as  prey  was 
unaffected  by  resistance,  while  mortality  of  beetle 
larvae  was  lower  on  resistant  plants  due  to  the  absence 
of  rolled  leaves  that  sometimes  entrapped  larvae  on 
susceptible  plants. 

By  definition,  plant  antibiosis  has  a negative 
impact  on  pest  biology,  leading  to  doubts  about  the 
suitability  of  prey  fed  on  resistant  plants.  Most  studies 
suggest  only  minor  life  history  impacts  of  prey- 
mediated  plant  resistance  factors  on  coccinellids  that 
seem  unlikely  to  significantly  impact  field  populations 
or  negate  the  benefits  of  such  resistance  in  the  field. 
Rice  and  Wilde  (1989)  fed  Hip.  convergens  on  S. 


gramimim  reared  on  two  resistant  sorghum  cultivars 
and  found  that  larval  survival  was  reduced  by  between 
10  and  20%  and  development  somewhat  delayed. 
Martos  et  al.  (1992)  showed  that  survival  and  develop- 
ment of  Eriopis  connexa  was  reduced  on  a diet  of  R.  padi 
raised  on  wheat  seedlings  containing  the  hydroxamic 
acid  DIMBOA  (also  5. 2. 6.1).  Nevertheless,  the  deter- 
rent flavour  of  the  compound  at  higher  concentrations 
causes  beetles  to  avoid  consuming  aphids  that  contain 
a potentially  lethal  dose. 

Aphids  developing  on  resistant  plants  typically  take 
longer  to  develop  and  have  reduced  reproductive  rates 
(van  Emden  & Wearing  1965,  Jyoti  & Michaud  2005). 
They  may  move  more  and  feed  less,  thus  failing  to 
achieve  the  size  of  those  reared  on  susceptible  plants. 
Smaller  aphids  are  usually  less  profitable  prey  for  coc- 
cinellids as  they  force  a predator  to  spend  more  time 
searching  and  handling  prey  for  a lower  net  energy 
return  per  unit  foraging  time.  This  could  conceivably 
translate  into  delayed  development  for  larvae  or 
reduced  clutch  sizes  for  adult  females.  However,  it  is 
also  possible  for  reduced  aphid  size  to  magnify  the 
impact  of  coccinellid  predation  since  a large  number 
must  be  consumed  before  satiation  occurs  (Hassell 
et  al.  1977).  To  date,  there  are  no  clear  indications  of 
negative  effects  of  plant  resistance  on  coccinellid  abun- 
dance in  the  field.  For  example,  Bosque-Perez  et  al. 
(2002)  found  no  indications  that  D.  no.via-resistant 
wheat  had  any  adverse  impact  on  the  field  abundance 
of  coccinellids  in  Idaho. 

With  the  widespread  planting  of  genetically  modi- 
fied (GM)  insect-resistant  crops  in  many  regions  of 
the  world,  concern  has  been  raised  about  possible 
impacts  on  coccinellids  and  other  beneficial  species. 
GM  maize  engineered  to  express  Bacillus  thuringiensis 
(Bt)  toxins  was  considered  a potential  risk  to  coccinel- 
lids because  the  toxin  was  present  in  pollen  (Harwood 
et  al.  2007).  Most  studies  have  found  no  effect  of  Bt 
corn  pollen  consumption  on  fitness  parameters  of  Col. 
macidata  (Duan  et  al.  2002,  Lundgren  & Wiedenmann 
2002)  or  other  insect  predators  (Pilcher  et  al.  1997). 
Porcar  et  al.  (2010)  fed  three  types  of  solubilized  Bt 
toxins  directly  to  A.  bipunctata  and  Cryptolaemus  mon- 
trouzieri  and  obtained  no  increase  in  mortality  com- 
pared to  controls.  However,  (Moser  et  al.  2008)  found 
that  consumption  of  Bt  maize  leaf  tissues  by  larvae 
resulted  in  a small  delay  in  development  relative  to 
non-Bt  maize.  One  study  observed  reductions  in  coc- 
cinellid abundance  in  Bt  maize  plots  (Delrio  et  al. 
2004),  but  McManus  et  al.  (2005)  found  no  reduction 


506  J.  P.  Michaud 


in  abundance  of  Col.  inaculata  in  pre-  or  post-anthesis 
Cry3Bbl  maize  fields  expressing  the  Bt  subsp.  kuma- 
matoensis  toxin  that  is  Coleoptera  specific.  Similarly, 
Riddick  et  al.  (2000)  looked  for  changes  in  abundance 
of  generalist  predators  in  fields  of  Cry3A-transgenic 
potatoes  with  resistance  to  Colorado  potato  beetle 
and  found  no  impact  on  coccinellids  or  predatory 
Heteroptera.  Others  have  suggested  that  Bt  crops 
may  benefit  coccinellid  populations  via  reductions  in 
broadcast  insecticide  applications  (Wadhwa  & Gill 
2007),  and  the  results  of  a comprehensive  multi-year 
study  in  Bt  cotton  (Head  et  al.  2005)  appear  to  support 
this  conclusion.  Nevertheless,  it  should  be  noted  that 
aphids  do  not  acquire  the  Bt  toxin,  whereas  other 
prey  species  such  as  spider  mites  may  accumulate  and 
concentrate  it  in  their  bodies.  Thus  Obrist  et  al.  (2006) 
found  high  concentrations  of  Bt  toxin  in  Stethorus 
sp.  nymphs  sampled  in  GM  maize  in  Spain,  although 
the  impact  on  fitness  of  the  beetle  population  was  not 
determined. 


1 1 .6.4  Selective  use  of  pesticides 

This  has  long  been  recognized  as  an  important  tactic 
for  conserving  coccinellids,  and  efforts  have  been  made 
in  recent  years  to  determine  indices  of  relative  toxicity 
that  can  be  used  to  rank  materials  for  compatihility 
with  ladybirds  in  IPM  programmes.  In  general, 
eggs  and  young  larvae  are  the  most  sensitive  life  stages, 
and  adults  the  least.  As  sessile  stages,  eggs  and  pupae 
may  have  a somewhat  reduced  risk  of  exposure  in  the 
field  relative  to  actively  foraging  larvae  and  adults.  One 
problem  in  assessing  the  impact  of  insecticides  in  field 
studies  is  that  materials  highly  effective  against  the  pest 
population  will  also  reduce  numbers  of  coccinellids  as 
a consequence  of  eliminating  their  food  supply,  even  if 
they  lack  direct  toxicity  to  the  beetles  (Poehling  & 
Dehne  1984,  Mateeva  et  al,  2001).  However,  careful 
timing  of  insecticide  applications  relative  to  crop 
development  can  sometimes  serve  to  synergize,  rather 
than  disrupt,  pest  control  by  a complex  of  natural 
enemies  that  includes  coccinellids  (Fagan  et  al.  2010). 

A literature  review  by  Croft  and  Brown  (1975) 
reported  33  citations  where  coccinellids  were  rated 
more  tolerant  of  pesticides  than  their  prey. 
However,  these  cases  did  not  include  examples  of 
resistant  pests  and  tested  mostly  older  generations  of 
halogenated  hydrocarbon  and  organophosphate  insec- 
ticides. More  recently,  Gesraha  (2007)  found  that 


pirimicarb,  imidacloprid  and  thiamethoxam  were  all 
less  toxic  to  C.  undecimpimctata  than  to  its  prey,  B. 
bmssicae,  although  only  adult  beetles  were  tested. 
Broad-spectrum  pyrethroids  tend  to  be  more  destruc- 
tive to  coccinellids  than  organophosphates  (e,g.  Kumar 
& Bhatt  2002),  although  there  is  evidence  that  popula- 
tions of  Hip.  convergens  can  evolve  substantial  resist- 
ance to  pyrethroids  in  agroecosystems  with  heavy 
usage  patterns  (Ruberson  et  al.  2007).  Some  materials 
that  have  shown  moderate  to  low  toxicity  to  coccinel- 
lids are  listed  in  Table  11.1.  Disparities  in  procedures, 
formulations  and  concentrations  across  studies  make 
objective  comparisons  of  materials  difficult,  but  there 
is  obvious  variation  among  species  in  sensitivity  to  par- 
ticular compounds.  Some  materials  have  a selective 
mode  of  action  that  can  spare  coccinellids  from  toxic 
exposure.  For  example,  spinosad  is  generally  benign 
to  coccinellids,  although  Galvan  et  al,  (2005)  found 
sub-lethal  impacts  on  development  and  reproduction. 
Because  spinosad  requires  ingestion  to  induce  toxicity, 
residue  trials  typically  yield  high  safety  ratings, 
whereas  direct  topical  applications  may  result  in  some 
mortality,  probably  due  to  ingestion  via  grooming 
behaviour  (e.g.  Michaud  2002d).  Although  potentially 
hazardous  to  Hymenoptera,  certain  spinosad-based 
fly  baits  have  tested  relatively  safe  for  coccinellids 
(Michaud  2003),  possibly  because  the  formulation  did 
not  stimulate  consumption. 

Pymetrozine  selectively  inhibits  aphid  feeding 
behaviour,  has  reputedly  low  toxicity  to  coccinellids, 
and  has  been  used  effectively  in  conjunction  with  C. 
septempunctata  for  control  of  B.  bmssicae  on  broccoli 
(Acheampong  & Stark  2004).  However,  despite  observ- 
ing low  acute  toxicity  of  pymetrozine  to  C.  leonina 
tmnsversalis,  Cole  et  al.  (2010)  found  that  less  than  3% 
of  exposed  larvae  survived  to  maturity.  Insecticides 
toxic  to  coccinellids  may  also  be  selective  by  virtue 
of  formulation  or  mode  of  application.  Systemic 
materials  applied  as  granules,  soil  drenches  or  planting 
time  ‘in-furrow’  applications  can  give  good  control  of 
aphids  without  causing  direct  mortality  to  coccinellids. 
Most  recently,  the  modern  neonicotinoids  thiometh- 
oxam  and  imidacloprid  display  good  systemic  activity 
in  plants  and  have  become  increasingly  available 
as  seed  treatments  that  are  very  effective  against 
seedling  pests,  especially  aphids  and  flea  beetles, 
while  sparing  coccinellids  and  other  predators  from 
direct  impacts,  except  when  they  engage  in  herbivory 
(Moser  & Obrycki  2009).  Another  systemic  neonicoti- 
noid,  dinotefuran,  was  shown  to  provide  good  control 
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Table  11.1  List  of  some  insecticides  potentially  compatible  with  predatory  coccinellids  in  integrated  pest  management.  Risk 
levels  were  assigned  for  particular  species  based  on  the  results  of  individual  reports  since  different  studies  employed  various 
exposure  methods  in  field  and  laboratory,  different  material  concentrations  and  tested  different  beetle  life  stages. 


Material 

Species  tested 

Type  of  test 

Risk  levei 

Reference 

carbofuran 

Ceratomegilla 

laboratory:  fed  treated  prey 

sub-lethal 

Papachristos  & 

undecimnotata 

effects 

Milonas  (2008) 

diflubenzuron 

Scymnus  spp. 

field 

low 

Matrangolo  et  al. 

(1987) 

Cycloneda  sanguinea  L. 

laboratory,  topical/residue 

moderate/low 

Michaud  (2002d) 

Harmonia  axyridis 

low/low 

dimethoate 

Brumoides  suturalis 

field 

low-moderate 

Sandhu  (1986) 

Menochilus  sexmaculatus 

low-moderate 

Coccinella  septempunctata 

low-moderate 

endosulfan 

Menochilus  sexmaculatus 

semi-field,  foliar 

low 

Jalali  & Singh  (2001) 

Menochilus  sexmaculatus 

laboratory,  residue 

low 

Dhingra  et  al.  (1995) 

Menochilus  sexmaculatus 

field 

low 

Sharma  et  al.  (1991) 

Coccinella  septempunctata 

low 

Micraspis  discolor 

low 

Cycloneda  sanguinea 

laboratory:  residue 

moderate 

Mizell  & 

Hippodamia  convergens 

moderate 

Schiffhauer  (1990) 

Olla  v-nigrum 

moderate 

Hippodamia  convergens 

laboratory,  fed  treated  prey 

high 

Hurej  & Dutcher  (1 994) 

fenvalerate 

Menochilus  sexmaculatus 

field 

moderate 

Sharma  et  al.  (1991) 

Coccinella  septempunctata 

moderate 

Micraspis  discolor 

moderate 

Cycloneda  sanguinea 

laboratory:  residue 

moderate 

Mizell  & Schiffhauer 

Hippodamia  convergens 

moderate 

(1990) 

Olla  v-nigrum 

moderate 

imidacloprid 

Coccinella 

laboratory:  topical 

moderate 

Gesraha  (2007) 

undecimpunctata 

Ceratomegilla 

laboratory:  fed  treated  prey 

sub-lethal 

Papachristos  & 

undecimnotata 

effects 

Milonas  (2008) 

indoxacarb 

Curinus  coeruleus 

laboratory:  topical 

moderate 

Michaud  & Grant 

Cycloneda  sanguinea 

low 

(2003) 

Harmonia  axyridis 

low 

Olla  v-nigrum 

moderate 

Harmonia  axyridis 

laboratory:  topical 

moderate 

Galvan  et  al.  (2005) 

Harmonia  axyridis 

laboratory:  topical/ 

moderate/low/ 

Galvan  et  al.  (2006b) 

residue/fed  treated  prey 

moderate 

methidathion 

Curinus  coeruleus 

laboratory:  topical 

moderate 

Michaud  & Grant 

Cycloneda  sanguinea 

moderate 

(2003) 

Harmonia  axyridis 

moderate 

Olla  v-nigrum 

moderate 

neem  oil 

Cycloneda  sanguinea 

laboratory:  topical 

low 

da  Silva  & Martinez 

(2004) 

Menochilus  sexmaculatus 

laboratory:  topical 

low 

Krishnamoorthy  et  al. 

(2005) 

Coccinalla  septempunctata 

field 

low 

Dhingra  et  al.  (2006) 

Harmonia  axyridis 

semi-field,  foliar 

low 

Tenczar  & Krischik 

Hippodamia  convergens 

low 

(2006) 

oxydemeton- 

Brumoides  suturalis 

field 

low-moderate 

Sandhu  (1986) 

methyl 

Menochilus  sexmaculatus 

low-moderate 

Coccinella  septempunctata 

low-moderate 

(Continued) 
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Table  11.1  (Continued) 


Material 

Species  tested 

Type  of  test 

Risk  level 

Reference 

phosalone 

Coccinella  septempunctata 

laboratory:  residue 

moderate 

Hao  et  al.  (1990) 

Cycloneda  sanguinea 

laboratory:  residue 

moderate 

Mizell  & Schiffhauer 

Hippodamia  convergens 

moderate 

(1990) 

Olla  v-nigrum 

low 

phosmet 

Curinus  coeruleus 

laboratory:  topical 

high 

Michaud  & Grant 

Cycloneda  sanguinea 

moderate 

(2003) 

Harmonia  axyridis 

high 

Olla  v-nigrum 

low 

Hippodamia  convergens 

laboratory,  fed  treated  prey  high 

Hurej  & Dutcher  (1994) 

phosphamidon 

Brumoides  suturalis 

field 

low-moderate 

Sandhu  (1986) 

Menochilus  sexmaculatus 

low-moderate 

Coccinella  septempunctata 

low-moderate 

pirimicarb 

Adalia  bipunctata 

laboratory:  topical 

low 

Kalushkov  (1982) 

Coccinella  quinquipunctata 

low 

Cycloneda  sanguinea 

low 

Coccinella  septempunctata 

laboratory:  residue 

low 

Hao  et  al.  (1990) 

Coccinella  septempunctata 

field 

moderate 

Mateeva  et  al.  (2001) 

Coccinella 

laboratory:  topical 

moderate 

Gesraha  (2007) 

undecimpunctata 

pyriproxyfen 

Cycloneda  sanguinea 

laboratory:  topical/residue 

moderate/low 

Michaud  (2002c) 

Harmonia  axyridis 

low/low 

Rodolia  cardinalis 

field  (selectively  timed) 

moderate 

Grafton-Cardwell  et  al. 

(2006) 

pymetrozine 

Coccinella  septempunctata 

laboratory,  field 

low 

Acheampong  & Stark 

(2004) 

spinosad 

Cycloneda  sanguinea 

laboratory:  topical/residue 

moderate/low 

Michaud  (2002c) 

Harmonia  axyridis 

low/low 

Coccinella  septempunctata 

laboratory,  greenhouse 

low 

Miles  & Dutton  (2000) 

Hippodamia  convergens 

low 

Menochiius  sexmacuiatus 

laboratory,  residue 

low 

Elzen  & James  (2002) 

Harmonia  axyridis 

laboratory,  topical 

moderate 

Galvan  et  al.  (2005) 

Harmonia  axyridis 

laboratory:  topical/ 

low/low/low 

Galvan  et  al.  (2006b) 

residue/fed  treated  prey 

Harmonia  axyridis 

semi-field,  foliar 

low 

Tenczar  & Krischik 

Hippodamia  convergens 

low 

(2006) 

Spinosad  GF 

Rodolia  cardinaiis 

laboratory:  bait 

low 

Medina  et  al.  (2004) 

120® 

Curinus  coeruleus 

laboratory:  bait 

low 

Michaud  (2003) 

Cycloneda  sanguinea 

low 

Harmonia  axyridis 

low 

sucrose 

Curinus  coeruleus 

laboratory:  topical 

low 

Michaud  & McKenzie 

octanoate 

Cycloneda  sanguinea 

low 

(2004) 

Harmonia  axyridis 

low 

Olla  v-nigrum 

low 

thiamethoxam 

Coccinella 

laboratory:  topical 

moderate 

Gesraha  (2007) 

undecimpunctata 
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of  armored  scales  on  Christmas  trees  when  applied 
in  a band  around  the  base  of  the  trunk,  without 
impacting  the  foraging  activities  of  the  scale  preda- 
tors Chil.  stigma  and  Cybocephalus  nipponicus  (Cowles 
2010).  However,  coccinellids  can  be  impaired 
behaviourally  or  reproductively  by  non-lethal  con- 
centrations of  insecticides  that  they  may  acquire  when 
feeding  on  contaminated  pollen  or  nectar  (Smith  & 
Krischik  1999)  or  contaminated  prey  (Singh  et  al. 
2004,  Eisenback  et  al.  2010).  Insect  growth  regula- 
tors (IGRs)  such  as  buprofezen  and  pyriproxyfen 
generally  lack  acute  toxicity  to  coccinellids,  but  may 
impair  development  (Hattingh  and  Tate  1995)  and 
fecundity  (Olszak  et  al.  1994).  Nevertheless,  good 
knowledge  of  insect  ecology  can  sometimes  enable 
the  judicious  use  of  these  compounds  without  dis- 
rupting coccinellid  populations.  Despite  the  high  sen- 
sitivity of  Rodolia  cardinalis  to  IGRs,  and  residual 
activity  longer  than  6 months  under  California 
conditions,  IGRs  can  be  used  to  control  p}Tethroid- 
resistant  scale  insects  in  citrus,  provided  that  applica- 
tions are  delayed  until  after  R.  cardinalis  has  exerted 
control  of  Icerya  purchasi  in  spring  (Grafton-Cardwell 
et  al.  2006). 

11.7  CONCLUSIONS 

The  role  of  coccinellids  in  classical  biological  control 
programmes  has  diminished  as  various  unanticipated 
ecological  impacts  of  exotic  species  have  come  to  light 
and  certain  large,  dominant  coccinellids  have  gained 
recognition  as  invasive  species.  Consequently,  regula- 
tory authorities  are  likely  to  permit  only  highly  special- 
ized, non-aphidophagous  species  for  use  in  classical 
programmes  in  future.  Certain  species  will  remain 
important  for  augmentation  in  specialized  contexts, 
but  few  novel  augmentation  applications  for  coccinel- 
lids been  developed  recently.  The  future  appears 
brighter  for  improving  conservation  and  enhancing 
the  efficacy  of  naturally  occurring  species  in  open 
systems.  Advances  will  hinge  on  improved  holistic 
understanding  of  the  ecological  roles  of  coccinellids 
and  their  ability  to  complement  other  beneficial  species. 
This  information  is  critical  for  the  development  of 
novel  approaches  to  habitat  management  that  could 
improve  the  efficiency  of  established  coccinellid  guilds 
in  particular  agroecosystems  and  enhance  their  ability 
to  track  economically  important  prey  species  in  time 
and  space. 
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A major  objective  of  this  book  and  this  chapter  is  to 
stimulate  new  research;  for  this  aim  it  is  important  not 
only  to  emphasize  basic  recent  achievements,  but  also 
to  question  existing  paradigms  - and  highlight  the  still 
unanswered  problems. 

Although  in  the  Americas  the  coccinellids  from  the 
subfamily  Epilachninae  are  important  herbivorous 
pests  and  there  represent  the  dominating  economic 
focus,  the  worldwide  emphasis  is  on  Coccinellidae  as 
biological  control  agents  of  sucking  insects.  The  applied 
accent  should  not  detract  from  the  scientific  interest 
and  value  of  research  on  them  that  is  not  targeted 
directly  to  biological  control.  In  any  case,  the 
economically-orientated  material  in  this  hook  needs 
setting  in  the  wider  context  of  coccinellids  being  only 
one  component  of  a much  larger  complex  of  natural 
enemies  discussed  in  Chapter  7 . This  makes  their  contri- 
bution to  pest  control  very  hard  to  isolate  from  that  of 
the  other  taxa  active  in  the  relevant  guilds  (such  as  e.g. 
the  aphidophagous  guild). 

In  relation  to  the  current  increasing  interest  in  con- 
servation biological  control,  there  are  many  attributes 
of  coccinellids  discussed  in  this  book  which  should  he 
assessed  against  the  ecological  and  behavioural  criteria 
needed  for  the  different  approaches  which  have  been 
reviewed  elsewhere  (e.g.  Barbosa  1998).  With  the  rela- 
tionships of  ladybirds  to  habitats  (Chapter  4)  and  food 
(Chapter  5),  introducing  single  elements  of  diversity  to 
improve  biological  control  is  probably  more  useful  than 
increasing  biodiversity  per  se. 

In  an  even  wider  context,  biological  control  is  just 
one  component  of  Integrated  Pest  Management  (IPM). 
This  began  in  the  late  1950s  as  “integrated  control” 
with  increasing  the  ratio  of  natural  enemies  (including 
coccinellids)  to  aphids  in  alfalfa  through  reduced  doses 
of  insecticides.  Biological  control  by  coccinellids  is 
likely  to  show  positive  synergism  with  both  host  plant 
resistance  to  the  prey  and  insecticide,  both  of  which  are 
able  to  improve  the  numerical  ratio  of  natural  enemies 
to  their  prey  (reviewed  for  IPM  of  aphids  by  van  Emden 
2 00  7;  see  also  Chapter  11.6.3  and  Chapter  11.6.4). 

The  first  two  chapters,  respectively  on  Phylogeny 
and  Genetics,  may  appear  out  of  place  in  relation  to  the 
title  of  this  book.  However,  important  recent  progress 
has  been  made  also  in  these  fields,  progress  of  which 
those  interested  in  the  biology  and  ecology  of  Coccinel- 
lidae should  be  aware  as  impacting  on  the  interpreta- 
tion of  their  results. 

While  the  subfamilies  of  coccinellids  are  more  or  less 
worldwide  in  distribution,  many  tribes  are  restricted 


to  particular  biogeographical  regions,  and  this  has 
resulted  in  a number  of  alternative  classifications 
(Vandenberg  and  Perez-Gelabert  2007).  A comprehen- 
sive classification  applicable  to  all  geographical  regions 
is  needed.  Some  derived  groups  of  species  are  often 
classified  under  a separate  name,  leaving  the  rest  of  the 
related  species  as  a paraphyletic  assemblage.  Vanden- 
berg and  Perez-Gelabert  (2007)  propose  that  these  sets 
of  genera  should  be  re-united  or  that  paraphyletic 
genera  be  split  to  obtain  a balanced  classification.  This 
can  be  only  achieved  by  taxonomic  revisions  contain- 
ing most  described  species.  Phylogenetic  relationships 
of  genera,  tribes  and  subfamilies  and  subsequent 
changes  in  higher  classification  must  be  obtained  from 
analysis  combining  both  morphological  and  molecular 
data.  Mapping  on  cladograms  of  specific  morphologi- 
cal and  life  history  parameters,  such  as  food  specializa- 
tion, possession  of  larval  waxy  exudations  and 
defensive  glands  will  allow  us  to  understand  which 
traits  are  homologies  shared  by  descent  and  which  are 
homoplasies  achieved  by  parallel  adaptations.  Knowl- 
edge of  the  relationships  of  subfamilies  and  tribes 
within  a family  will  allow  better  discrimination  between 
general  patterns  and  specific  cases,  as  recommended 
by  Sloggett  (2005).  This  will  enable  us  accurately  to 
categorize  groups  between  which  comparisons  are 
often  made  rather  too  facilely;  for  example,  contrasts 
are  often  incorrectly  proposed  between  aphidophagous 
(in  fact  almost  exclusively  Coccinellini)  and  coccido- 
phagous  coccinellids  (in  fact  a polyphyletic  assemblage 
from  Chilocorinae,  Scymninae  and  Coccidulinae). 
Contrasts  between  aphidophagous  and  coccidopha- 
gous  ladybirds  or  other  groups  that  differ  in  a specific 
trait  should  be  analysed  only  between  closely  related 
species  or  genera  (Chapter  1). 

Methodological  developments  in  the  field  of  molec- 
ular genetics  and  genomics,  including  microarray 
technology  and  high-throughput  sequencing,  make 
molecular  genetic  studies  of  coccinellids  much  more 
achievable  than  they  would  have  been  even  a few  years 
ago.  This  applies  equally  to  studies  examining  gene 
expression  and  to  those  using  molecular  markers. 
The  wealth  of  data  already  available  on  coccinellid 
ecology  and  behaviour  makes  the  group  particularly 
well  suited  for  research  uniting  both  ecological  and 
molecular  approaches  (Chapter  2).  Aspects  of  coc- 
cinellid ecology  that  have  already  been  the  subject  of 
intensive  study  from  an  evolutionary  viewpoint,  such 
as  colour  pattern  polymorphism  and  male-killing, 
should  particularly  benefit  from  this  approach.  Our 
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detailed  knowledge  of  the  coccinellid  genome  seems 
likely  to  increase  by  leaps  and  bounds  in  the  next  few 
years:  it  surely  cannot  be  very  long  before  the  first 
whole  coccinellid  genome  sequence  becomes 
available. 

What  will  be  important  is  that  the  research  in 
molecular  biology  does  not  end  with  the  linking  of 
genes  with  the  insects’  phenotypical  characteristics, 
but  includes  the  biochemistry  by  which  the  genes 
express  their  effect.  Chapter  2 gives  an  account  of  some 
major  areas  where  expansion  of  such  research  can 
make  important  new  contributions.  However,  the  pres- 
ence of  the  DNA  of  endosymbionts  (see  below)  can 
confuse  the  results  and  interpretation,  and  Chapter  2 
explains  the  limits  of  using  mitochondrial  DNA  from 
the  body  fluids  of  coccinellids.  However,  such  genetic 
variation  is  still  inherited  and  so  subject  to  natural 
selection:  this  may  well  need  to  be  included  to  explain 
the  genetic  basis  of  behaviours  such  as  dietary  spe- 
cialization. ft  is  when  molecular  techniques  are  tar- 
geted to  identifying  prey  in  gut  contents  or  especially 
to  determining  phylogenetic  relationships  that  tech- 
niques need  to  be  sought  that  identify  genetic  markers 
on  the  nuclear  chromatin  of  the  particular  species  of 
prey  or  predator. 

It  seems  very  likely  that  endosymbionts  are  far 
more  widely  distributed  in  insects  than  we  know  at 
present,  and  it  is  time  for  a major  assay  of  coccinellids 
to  be  carried  out,  both  as  regards  their  own  symbionts 
and  those  of  their  prey.  It  could  well  be  shown  that 
some  of  the  extraordinary  phenotypic  plasticity  in 
the  biology  and  behaviour  (such  as  food  preferences 
and  diapause  behaviour)  may  not  have  a genetic 
basis  but  reflect  variation  in  the  presence  or  titre  of 
endosymbionts  within  genotypes.  There  are  likely  to  be 
a great  number  of  exciting  new  avenues  of  research  in 
this  emerging  field  of  study:  we  should  expect  quite  a 
lot  of  surprises. 

One  of  the  basic  problems  of  the  study  of  ladybird 
communities  (Chapter  4)  is  that  of  sampling.  Larvae 
are  harder  to  spot  than  adults  and  are  more  nocturnal 
in  activity,  and  so  the  many  studies  which  count  coc- 
cinellids visually  at  the  same  time  as  their  prey  collect 
a large  number  of  zeros  and  singletons  in  distributions 
which  are  hard  to  define  statistically  and  lead  to 
dubious  interpretation.  Such  dubious  outcomes  relate 
especially  to  the  many  studies  seeking  to  compare  pop- 
ulations in  arable  crops  and  more  natural  habitats. 
Two  suggestions  for  future  can  be  made.  Firstly,  mark 
and  recapture  techniques  might  be  ideally  suited 


to  coccinellids.  They  could  give  much  more  accurate 
population  estimates  and  comparisons  of  population 
density  in  different  habitats.  Moreover,  good  estimates 
of  vagility  can  be  obtained  by  repeated  marking  and 
recapturing.  The  point  is  indeed  made  in  Chapter 
5. 4. 1.5  that  the  long-distance  searching  behaviour  of 
ladybirds  needs  further  study  and  it  is  clear  that  there 
is  growing  interest  in  studying  coccinellid  movements 
from  “natural"  to  arable  crop  habitats.  This  trend  in 
research  has  developed  from  the  increasing  priority 
being  given  to  a consideration  of  more  natural  habitats 
as  “ecosystem  services".  Good  estimates  of  ladybird 
immigration  and  emigration  therefore  become 
essential  and  it  is  surprising  that  mark  and  recapture 
studies  have  still  been  rather  neglected. 

A second  comment  about  sampling  relates  to  an 
almost  universal  use  of  sampling  which  matches 
catch  per  unit  effort  (i.e.  numbers  in  so  many 
sweeps,  on  so  many  plants  etc.).  A far  better  approach 
for  coccinellids,  since  a large  proportion  of  samples 
often  return  a zero  value,  is  probably  to  measure  the 
reciprocal,  the  effort  needed  for  a unit  catch  (i.e. 
number  of  plants  examined  to  reach  a target  number 
of  coccinellids).  Density  per  unit  of  measurement  can 
still  be  calculated,  but  with  similar  accuracy  of  the 
results  across  the  whole  range  of  densities  occurring 
during  a season.  The  ultimate  improvement  in  this 
direction  is  to  design  a sequential  sampling  plan  based 
on  some  preliminary  sampling.  This  enables  the  deci- 
sion to  be  made  on  each  sampling  occasion  as  to 
whether  or  not  more  samples  need  to  be  taken  to  deter- 
mine population  size  to  a given  level  of  accuracy. 
Sequential  sampling  plans  (Southwood  1966)  do 
require  quite  a lot  of  preliminary  work,  but  should  be 
seriously  considered  for  long-term  studies  in  one 
agroecosystem. 

There  are  two  limitations  of  current  work  on  coc- 
cinellid communities.  Because  of  the  difficulties  in  pub- 
lishing raw  community  data  in  “high  standard” 
journals,  the  majority  end  up  in  regional  or  local  pub- 
lications. It  is  a pity  that  this  information  is  not  col- 
lected and  subjected  to  meta-analysis!  The  second 
drawback  is  that  the  quality  of  species  determination 
is  usually  not  very  high  in  other  groups  than  the  tribe 
Coccinellini. 

With  food  interrelations,  probably  most  research 
progress  has  been  made  in  the  field  of  behaviour 
during  foraging  (Chapter  5.4).  Fifteen  years  ago  most 
authors  considered  the  foraging  movements  as  com- 
pletely random,  but  there  is  now  much  laboratory 
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evidence  that  ladybirds  are  guided  both  by  olfactory 
and  visual  cues  (Chapter  5. 4. 1.2).  Also,  the  first 
studies  on  the  relevant  receptors  have  been  pub- 
lished. Quite  a breakthrough  has  been  the  discovery  of 
oviposition  deterrence,  as  this  gives  us  insight  into 
decision-making  by  female  coccinellids,  something 
that  was  previously  quite  a mystery.  However,  field 
assays  on  the  action  of  volatiles,  both  from  plants  and 
prey,  are  still  largely  missing,  together  with  the  research 
on  the  mutual  interference  among  volatiles  (synergy  v. 
inhibition). 

ft  is  stressed  in  chapters  5.2.2  and  5.2.11  that  food 
specificity  should  be  considered  from  the  view  of 
physiological/nutritional  suitability:  the  food  is  either 
essential,  enabling  reproduction  and  development  of 
larvae,  or  alternative  that  just  prevents  starvation. 
Although  this  principle  difference  has  been  accepted  by 
leading  coccinellid  researchers,  in  some  papers  the 
authors  limit  themselves  to  the  vague  terms  suitable  v. 
non-suitable  food  and  the  distinction  is  wrongly  based 
on  acceptability.  It  has  been  shown  here  that  ladybirds 
may  feed  also  on  toxic  food. 

It  is  now  timely  to  revisit  some  of  the  results  on  coc- 
cinellids which  were  obtained  many  years  ago.  An 
unfortunate  consequence  of  scientists  relying  almost 
exclusively  on  computer  searches  of  the  literature  is 
that  they  are  quite  likely  not  to  encounter  highly  rele- 
vant papers  published  in  the  1950s  and  1960s  and 
even  earlier.  Thus  studies  demonstrating  great  differ- 
ences between  results  at  constant  and  alternating 
conditions,  as  for  example  found  in  the  relationship 
between  temperature  and  coccinellid  voracity 
(Chapter  5.3.1),  do  not  seem  to  be  remembered  today. 
The  chapters  in  this  book  report  many  studies  carried 
out  in  growth  rooms  controlled  at  constant  tempera- 
ture and  humidity,  but  very  few  indeed  where  the 
experiments  were  conducted  at  fluctuating  conditions, 
particularly  reflecting  night/day  variation.  As  pointed 
out  above,  the  effect  of  such  fluctuating  conditions  on 
coccinellid  voracity  is  quite  large:  what  other  attributes 
of  coccinellids  are  similarly  affected.? 

Although  usually  a very  long  phase  of  the  life  cycle, 
diapause/dormancy,  has  lately  attracted  much  less 
research  activity  than  other  topics.  This  is  unfortunate, 
because  the  timing  of  dormancy  is  essential  for  the 
modern  ecological  approaches  to  biological  control 
(conservation,  augmentation)  and  for  IPM:  we  must 
know  when  the  ladybirds  need  to  be  helped  by  provid- 
ing attractants  and  alternative  foods  at  their  spring 
arrival  on  crops  (Chapter  6. 3. 1.5),  which  includes  the 


period  when  the  impact  of  coccinellids  is  often  decided. 
Such  information  - also  factors  affecting  survival 
during  dormancy  - are  missing  for  most  potentially 
effective  coccinellid  species.  Apart  from  these  applied 
aspects,  diapause  of  coccinellids  is  a useful  model  for 
research  in  several  fields  (Chapter  6.5),  e.g.  the  regula- 
tion of  voltinism,  i.e.  annual  number  of  generations 
(Chapter  6.2.16),  or  the  ethological  aspects  of  the 
flight  to  hibernation  sites  (Chapter  6. 3. 1.3). 

Natural  enemies  of  ladybirds  (such  as  e.g.  parasi- 
toids)  exert  stronger  and  more  persistent  effects  on  the 
populations  of  phytophagous  than  on  those  of  ento- 
mophagous  Coccinellidae;  also  coccidophagous  coc- 
cinellids may  be  more  affected  than  aphidophagous 
ones.  Phytophagous  species,  being  typically  seden- 
tary, are  more  easily  located  by  their  enemies  (espe- 
cially by  parasitoids)  than  are  the  more  mobile 
predatory  species  of  Coccinellidae.  This  explanation 
may  also  hold  true  for  the  greater  susceptibility  to 
natural  enemies  of  coccidophages,  since  these  are  less 
mobile  due  to  the  relatively  stable  occurrence  of  their 
prey.  Regardless  of  the  coccinellid  group  considered, 
there  is  not  much  evidence  for  top-down  regulation 
of  their  populations  by  natural  enemies.  Chapter  8 
shows  clearly  that  further  studies  are  needed  to  clarify 
the  role  that  natural  enemies  of  ladybirds  play  in  popu- 
lation dynamics  of  these  predators.  For  ladybirds,  as  for 
their  sternorrhynchan  prey,  parasitization  has  again 
proved  easier  to  measure  than  predation. 

Coccinellids  depend  on  semiochemical-mediated 
information  for  important  steps  in  their  life  history 
(Chapter  9).  However,  so  far  there  is  only  a limited 
understanding  of  the  mechanisms  involved  and  of 
how  chemical  ecology  interacts  with  other  stimuli 
regulating  life  processes.  Several  of  the  chemical  cues 
influencing  mobility  and  foraging  are  commonly- 
occurring  substances  (such  as  green  leaf  volatiles  and 
semiochemicals  from  other  insects),  and  one  of  the 
future  challenges  is  to  understand  the  subtle  mecha- 
nisms that  contribute  to  the  specificity  of  their  activity 
for  the  individual  coccinellid  species. 

This  book  presents  the  evidence,  probably  assembled 
for  coccinellids  for  the  first  time,  that  the  potential  for 
manipulating  coccinellid  behaviour  with  semio- 
chemicals has  recently  shown  itself  to  have  a practi- 
cal future.  However,  as  it  seems  unlikely  that  these 
chemicals  can  provide  a grower-acceptable  level  of 
control  on  their  own,  it  is  important  that  development 
of  techniques  for  using  semiochemicals  will  be  accom- 
panied by  the  development  of  strategies  for  how  they 
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could  be  integrated  with  other  approaches  into  an 
IPM  package.  Chapters  5.4.1  and  9 deal  with  active 
behaviour-controlling  molecules  as  singletons,  but 
the  history  of  sex  pheromone  research  has  taught  us 
that  such  compounds  are  often  dramatically  syner- 
gized  by  triggering  molecules,  which  have  little  or 
no  effect  on  their  own.  There  is  an  example  of  this  in 
alfalfa,  with  the  attraction  of  chrysopid  adults  to  a par- 
ticular breakdown  product  of  tryptophan  in  aphid 
honeydew:  however,  there  is  no  response  to  the  com- 
pound involved  (indole  acetaldehyde)  unless  the  insects 
first  perceive  a volatile  synomone  from  alfalfa  (Hagen, 
1986). 

Although  repeated  evidence  has  accumulated  on 
the  effects  of  ladybirds  in  the  natural  control  of  several 
homopteran  taxa,  it  may  seem  surprising  that  precise 
numerical  data  of  their  impact  are  hard  to  find,  par- 
ticularly on  aphids  in  arable  crops  (Obrycki  et  al  2009). 
These  problems  are  analysed  in  detail  in  Chapter  10 
and  1 1 , but  three  important  ones  are  1 ) that,  as  already 
mentioned  at  the  start  of  this  chapter,  coccinellids  are 
only  one  of  over  a dozen  insect  families  which  may  be 
simultaneously  predating  on  sucking  insects  in  crops, 
2)  the  technical  difficulties  of  quantifying  predation  (as 
opposed  to  parasitism)  and  3)  the  interaction  in  the 
field  between  predators  and  their  prey  is  affected  by 
several  physical  factors  which  vary  with  year. 

Laboratory  feeding  studies  (Chapter  10.2)  remain  a 
useful  approach  for  determining  prey  acceptability  and 
suitability  for  coccinellids,  and  consumption  assays 
produce  estimates  of  potential  impact  (Chapter  10.3). 
However,  the  strength  of  laboratory  studies  usually  lies 
in  providing  a base  for  interpreting  field  observa- 
tions. Traditional  methods  of  assessing  the  impact  of 
coccinellids  on  focal  prey  species  (Chapter  10.4)  con- 
tinue to  be  invaluable  and  the  best  insights  are  usually 
obtained  through  a combination  of  approaches 
selected  for  their  suitability  for  particular  prey-plant 
systems,  as  each  has  inherent  limitations.  Although 
molecular  analyses  have  advanced  our  understanding 
of  the  trophic  relations  of  predatory  arthropods, 
including  the  Coccinellidae,  they  have  yet  to  yield  data 
that  accurately  quantify  predation  in  the  field.  The 
better  studies  have  linked  population  surveys  with 
molecular  gut-content  analysis  to  strengthen  infer- 
ences about  trophic  relationships  and  mechanisms  of 
prey  specificity,  as  opposed  to  simply  generating  binary 
data  on  the  presence/ absence  of  target  prey  in  predator 
guts.  Semi-quantitative  estimates  of  predation  have 
been  made  using  gut-content  analysis  by  estimating 


the  concentration  of  recognizable  prey  proteins  in  gut 
samples  by  ELISA  (Chapter  10.7)  or  of  prey  DNA  by 
quantitative  PCR.  Such  studies  provide  valuable 
insights  into  the  relative  amount  of  recognizable  mate- 
rial in  the  predator  at  a given  time,  but  do  not  offer 
‘quantitative’  estimates  of  predation  because  the 
number  (and/or  biomass)  of  prey  consumed  and  the 
time  elapsed  since  consumption  cannot  be  inferred. 
Thus,  although  molecular  gut-content  analyses 
offer  particular  benefits  for  elucidating  trophic  interac- 
tions, they  remain  fraught  with  interpretive  sources  of 
error.  Nevertheless,  when  used  in  combination  with 
quantitative  data  from  field  experiments,  they  can  gen- 
erate unique  insights  that  cannot  be  obtained  with 
other  approaches. 

In  the  end,  however,  the  data  from  assays  of  predator 
voracity  have  to  be  included  in  a population  dynamics 
exercise  in  the  field.  At  present,  even  were  we  able  to 
measure  voracity  independently  for  all  the  groups  of 
aphid  predators  in  the  crop,  we  do  not  have  a satisfac- 
tory numerical  approach  to  analysing  the  population 
dynamics  of  the  aphids  themselves  in  the  field.  The 
emphasis  for  IPM  needs  to  move  from  manipulating 
coccinellid  density  to  manipulating  coccinellid : aphid 
ratios,  which  are  much  more  amenable  to  quantifica- 
tion than  “predatory  impact”. 

The  role  of  introduced  coccinellids  in  classical  bio- 
logical control  programmes  (Chapter  11.3.1  & 11.3.2) 
has  diminished  as  unanticipated  impacts  of  exotic 
species  have  come  to  light  (Chapter  11.3.3  & 11.3.4). 
Consequently,  regulatory  authorities  are  likely  to 
permit  only  highly  specialized  species  for  use  in  classi- 
cal programmes.  Certain  species  will  remain  important 
for  augmentation  in  specialized  contexts  (Chapter 
11.4),  but  few  novel  augmentation  applications  for 
coccinellids  have  as  yet  been  developed.  The  future 
appears  brighter  for  improving  conservation  and 
enhancing  the  efficacy  of  naturally-occurring 
species  in  the  field  ( Chapter  11.5).  Advances  will  hinge 
on  improved  holistic  understanding  of  the  eco- 
logical roles  of  coccinellids  and  their  ability  to  com- 
plement other  beneficial  species.  This  information  is 
critical  for  the  development  of  novel  approaches  to 
habitat  management  (Chapter  11.5.3)  that  could 
improve  the  efficiency  of  established  coccinellid  guilds 
in  particular  agroecosystems  and  enhance  their  ability 
to  track  economically  important  prey  species  in  time 
and  space. 

It  is  clear  from  the  chapters  in  this  book  and  Chapter 
11.6.3  that  coccinellid/host  plant  resistance 
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interactions  are  still  a relatively  blank  canvas  with 
great  research  opportunities,  though  as  mentioned 
earlier  there  is  already  quite  a lot  of  evidence  that  the 
positive  synergism  between  ineffective  biological 
control  and  ineffective  host  plant  resistance  can  lead  to 
dramatic  reduction  of  aphid  populations. 

Finally,  a concern  raised  in  several  of  the  chapters  is 
that  differences  in  experimental  protocols  of  dif- 
ferent researchers  make  it  difficult  to  develop  an  overall 
picture  when  integrating  results  from  the  literature. 
We  do  not  seek  to  select  which  approach  should  be 
uniformly  adopted  for  each  experimental  situation. 
More  realistically,  a major  contribution  that  this  book 
can  make  is  to  identify  where  inconsistencies  exist  and 
provide  the  literature  review  material  to  allow  workers 
in  future  to  evaluate  how  best  to  proceed  to  make  their 
work  of  maximum  utility  to  their  colleagues.  This 
might  even  extend  to  taking  data  additional  to  those 
required  for  the  aim  of  the  experiment. 

One  thing  we  need  to  stress  in  conclusion  is  that, 
whatever  merit  there  may  or  may  not  be  in  the  sug- 
gestions we  have  made  in  this  final  chapter,  the  most 
exciting  future  research  breakthroughs  concerning 
coccinellids  will,  by  definition,  be  matters  we  have  not 
thought  of! 
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COCCINELLIDAE  LATREILLE,  1807 

CHILOCORINAE  MULSANT,  1846 
[2:25] 

Chilocorini  Mulsant,  1846 

Anisorciis  Crotch,  1874 
AmwanaLeng,  1908 
Axion  Mulsant,  1850 
Brumoides  Chapin,  1965 
Chilocorus  Leach  in  Brewster,  1815 
Chujochilus  Sasa]i,  2005 
Clflrfin  Mulsant,  1850 
Cu?'i;zus  Mulsant,  1850 
Egius  Mulsant,  1850 
Endochilus  Weise,  1898 

Exoc/zomusRedtenbacher,  1843  (incl.  Brumus Mulsant, 
1850) 

Hnlizius  Mulsant,  1850 
Hflrpflsiis  Mulsant,  1850 
Orcus  Mulsant,  1850 
Pampriasus  Chapin,  1965 
Pare.roc/iDzniis  Barovsky,  1922 
Phaenochilus  Weise,  1895 
Pz'iflSHS  Mulsant,  1850 
Priscibrumus  Kovaf,  1997 
Simmondsius  Ahmad  & Ghani,  1966 
Tric/iorcus  Blackburn,  1892 
Xflzzt/iocorus  Miyatake,  1970 
Zngrcus  Mulsant,  1850 
Telsimiini  Casey,  1899 
Hypoci/z-ezzM  Blackburn,  1892 
Telsimia  Casey,  1899 


COCCIDULINAE  MULSANT, 

1846  [6:46] 

Azyini  Mulsant,  1850 

Azi/fl  Mulsant,  1850 

Bucolus  Mulsant,  1850  (incl.  Bucolinus  Blackburn, 
1892) 

Cz'i/ptolfleziiizs  Mulsant,  1853 
Pseudoazya  Gordon,  1980 

Coccidulini  Mulsant,  1 846 

Adoxellus  Weise,  1895 

Apolinus  Pope  & Lawrence,  1990  (incl.  Platyomus 
Mulsant,  1853  part) 


Aizlfldorin  Brethes,  1925 
Botynella  Weise,  1891 
Coccidizlfl  Kugelann,  1798 
Empia  Weise,  1900 
Epipleitria  Fuersch,  2001 
Erit/iiozzz/3c  Blackburn,  1892 
EizpnJea  Mulsant.  1850 
Eupaleoides  Gordon,  1994 
Geodimmockius  Chapin,  1930 
Hazisia  Weise,  1916 
Hypoceras  Chapuis,  1876 
Iherorhyzobius  Raimundo  & Canepari,  2006 
Lindorus  Casey  1899  (incl.  Nothorhyzohius  Brethes, 
1925) 

Microrhizobius  Sicard,  1909 
Mimoscymnus  Gordon,  1994 
Nat  Slipmski  2007 
Nothocolus  Gordon,  1994 
Orbipressus  Gordon,  1994 
Planorbata  Gordon  1994 
Poorani  Slipihski  2007 
Psorolyma  Sicard,  1922 
Rhyzohius  Stephens,  1829 
Robert  Slipihski  2007 
Rodfltus  Mulsant,  1850 

Scz/zrzziodes  Blackburn,  1889  (incl.  Plntyozzius  Mulsant, 
1853  part) 

Sicara  Strand,  1942 

Stenadalia  Weise,  1926 

Stenococcus  Weise,  1895 

Syntona  Weise,  1898 

Wioletta  Slipihski  2007 

Cranophorini  Mulsant,  1850 

Cleidostethus  Weise  1885  (Arrow,  1929) 

Cz'flzzop/zorus  Mulsant,  1850 
Cranoryssus  Brethes,  1921 

Hoangus  Ukrainsky,  2006  (syn.  Casskulus  Weise, 
1895) 

Orynipus  Brethes,  1924 
Paracranoryssus  Hofmann,  1972 

Monocorynini  Sasaji  1989 

Mimolithophilus  Arrow,  1920 
Monocoryna  Gorham,  1885 

Poriini  Gordon,  1994 

Porifl  Mulsant,  1850 

Tetrabrachini  Kapur,  1948  (syn.  Lithophilini) 

Tetrabrachys  Kapur,  1948  (syn.  Litiwphihis  Frolich 
1799) 
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COCCINELLINAE  LATREILLE, 

1807  [5:94] 

Coccinellini  Latreille,  1807 

Aflflges  Barovski],  1926 

AtJfl/ifl  Mulsant,  1846 

Aiolocaria  Crotch,  1871 

Alloneda  lablokoff-Khnzorian,  1979 

Anatis  Mulsant,  1846  (incl,  Neopalla  Chapin,  1955) 

Anegleis  lablokoff-Khnzorian,  1982 

Anisolemnia  Crotch,  1874 

Antineda  lablokoff-Khnzorian,  1982 

Aphidecta  Weise,  1893 

Archegleis  lablokoff-Khnzorian,  1984 

Australoneda  lablokoff-Khnzorian,  1984 

Bothrocalvia  Crotch,  1874 

Callkaria  Crotch,  1871 

Cfllvifl  Mulsant,  1846  (incl,  Eocfl?'ia  Timberlake,  1943) 

Cemtomegilla  Crotch,  1873 

Cheilomenes  Chevrolat,  1836 

CWoro?iedn  Timberlake,  1943 

Cirocollfl  Vandenberg,  1992 

Cleobo?'fl  Mulsant,  1850 

Cli/iiis  Mulsant,  1850 

Coccinella  Linnaeus,  1758  (incl,  Chelonitis  Weise, 
1879) 

Coelophom  Mulsant,  1850  (incl.  Aiitotela  Weise,  1900, 
Lcmnifl  Mulsant,  1850,  Microcann  Crotch,  1871) 
Cycloneda  Crotch,  1871  (incl.  Coccineffinfl  Timberlake, 
1943) 

Cyrtocaria  Crotch,  1874 
Declmtata  Fiirsch,  1964 
Docimocaria  Crotch,  1874 
Dy sis  Mulsant,  1850 
Egkis  Mulsant,  1850 
Eoadalia  lablokoff-Khnzorian,  1977 
Eri/t/zronedfl  Timberlake,  1943 
Eumegilla  Crotch,  1871 

Haz-monifl  Mulsant.  1850  (incl.  Leis  Mulsant,  1850) 
Heteromrifl  Timberlake,  1943 
Heteroneda  Crotch,  1871 

Hippodamia  Chevrolat,  183 6 (syn.  Adonia  Mulsant, 
1846) 

Hi/sifl  Mulsant,  1850 
Lioadalia  Crotch,  1874 
Megalocaria  Crotch,  1871 
Megillina  Weise,  1909 
Menoc/zilas  Timberlake.  1943 
Micraspis  Chevrolat,  1836 
Microncda  Crotch,  1871 


Mononeda  Crotch,  1874 
Mulsantina  Weise,  1906 
Mi/z-z'hfl  Mulsant,  1846 
Mi/zzfl  Mulsant,  1846 
Nedfl  Mulsant,  1850 
Neocalvia  Crotch,  1871 
Neohannonia  Crotch,  1871 
Neszs  Mulsant,  1850 

Oenopia  Mulsant,  1850  (incl.  Pseudoenopia  lablokoff- 
Khnzorian,  1986) 

Oiocaria  lablokoff-Khnzorian,  1982 
Olla  Casey,  1899 
Omalocaria  Sicard,  1909 
Palaeoneda  Crotch,  1871 
Pnzunedfl  Timberlake,  1943 

p/zz-z/ziocflz'zfl  Timberlake,  1943  (incl.  Phrynolemnia) 
Proczzlfl  Mulsant,  1850 
Propz/kfl  Mulsant,  1846 

Protothea  Weise,  1898  (incl.  Nedina  Hoang,  1983) 

Psezrdfldozzzfl  Timberlake,  1943 

Sospztfl  Mulsant,  1846 

Spimeroneda  Crotch,  1871 

SpilindoIIa  Vandenberg,  1996 

Spiloneda  Casey,  1908 

Synona  Pope,  1988 

Synonycha  Chevrolat,  1836 

Xaiithadalia  Crotch,  1874 

Discotomini  Mulsant,  1850 

DzscotoziM  Mulsant,  1850 

Euseladia  Crotch,  1874 

PrzstozzezzM  Erichson,  1847 

Selndifl  Mulsant,  1850 

Vbdellfl  Mulsant,  1853 

Halyziini  Mulsant  1846  (syn.  Psylloborini  Casey, 
1899) 

Eot/zecz  lablokoff-Khnzorian,  1986 
Halyzia  Mulsant,  1846 

Illeis  Mulsant,  1850  (incl.  Leptothea  Weise,  1898) 

Mflcz-oiJkis  Miyatake,  1965 

Metamyrrha  Capra,  1945 

Neohalyzia  Crotch,  1871 

Oxytdla  Weise,  1902 

Psz/lJofeora  Chevrolat,  1836  (incl.  T/zea  Mulsant,  1846) 

Fibidzfl  Mulsant,  1846 

Singhikaliini  Miyatake,  1972 

Singhikalia  Kapur,  1963 

Tytthaspidini  Crotch,  1874  (syn.  Bulaeini) 

Azzisostictfl  Chevrolat,  1836 

Bzzlflficz  Mulsant,  1850 

Cocciziizlzz  Dobzhanskiy,  1925 
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CoJeomegi/Jfl  Timberlake,  1920 
Eonaemia  lablokoff-Khnzorian,  1982 
Ej'iopis  Mulsant,  1850 
IsoraMulsant,  1850 
Macronaemia  Casey,  1899 
Naernia  Mulsant,  1850 
Paranaemia  Casey,  1899 

Tytthaspis  Crotch,  1874  (incl.  Barovskin  lablokoff-Khn- 
zorian, 1979) 


EPILACHNINAE  MULSANT,  1846 
[4:24] 

Cynegetini  Thomson  1866  (syn.  Madaini) 

Cynegetis  Chevrolat,  1836 
Damatula  Gordon,  1975 

Figura  Ukrainsky,  2006  (syn.  Bambiisicola  Fiirsch, 
1986) 

Forma  Gordon,  1975 
Mfldfl  Mulsant,  1850 
Malata  Gordon,  1975 
Megatela  Weise,  1906 
MermaWeise,  1898 
Pseudodira  Gordon,  1975 
Tropha  Weise,  1900 
Epilachnini  Mulsant,  1846 
Adira  (syn.  Dira  Mulsant,  1850) 

4/ideiita  Dieke,  1947 
Afidentula  Kapur,  1958 
Afilachi la  Bielawski,  1966 
Afissula  Kapur,  1958 
Chnootriha  Chevrolat,  1836 
Epilachna  Chevrolat,  1836 
Henosepilachna  hi,  1961 
Macrolasia  Weise,  1903 
Suba/issa  Bielawski,  1963 

Subcoccinella  Ruher,  1841  (Agassiz  et  Erichson,  1845) 
Toxotoma  Weise,  1899 

Epivertini  Pang  & Mao,  1979 

Epi verta  Dieke,  1947 

Eremochilini  Gordon  & Vandenberg  1987 

Eremochilus  Weise,  1912 


EXOPLECTRINAE  CROTCH,  1874 
[2:24] 

Exoplectrini  Crotch,  1874 

Ambrocharis  Sicard,  1909 


Anisor/iizobius  Hofmann  1972 
Aidis  Mulsant,  1850 

Chapimda  Ukrainsky,  2006  (syn.  Chapinella  Gordon, 
1995) 

Chnoodes  Chevrolat,  1837 
Coeliaria  Mulsant,  1850 
Cyrtaulis  Crotch,  1874 
Dapolia  Mulsant,  1850 
Dioria  Mulsant,  1850 
Evoplectra  Chevrolat,  1837 
Elovaulis  Sicard,  1909 
Iracilda  Slipihski  2007 
Lucialla  Slipihski  2007 
Neorhizobius  Crotch,  1874 
Oridia  Gorham,  1895 
Peralda  Sicard,  1909 

Sicardiniis  Ukrainsky,  2006  (syn.  Discoceras  Sicard, 
1909;  Nurettinus  Ozdikmen  2007) 

SioJa  Mulsant,  1850 
Sumnius  Weise,  1892 

Oryssomini 

Neoryssomus  Hofmann,  1972 

Oryssomus  Mulsant,  1850  (incl.  Gordonoryssomus  de 
Almeida  & Lima  1995) 

Pseudoryssomus  Gordon,  1974 
Rliizori/ssomus  Hofmann,  1972 
Roger  Slipihski  2007 


MICROWEISEINAE  LENG,  1920  [4:23] 

Carinodulini  Gordon,  Pakaluk  a Slipihski,  1989 

Carinodula  Gordon,  Pakaluk  a Slipihski,  1989 
Carinodulina  Slipihski  & Jadwiszczak,  1995 
Carinodulinka  Slipihski  & Tomaszewska,  2002 

Microweiseini  Leng,  1920 

Coccidophihis Brethes,  1905  (incl.  Cri/ptoweisca  Gordon, 
1970) 

Gnathoweisea  Gordon,  1970 
Hong  Slipihski,  2007 
Microcapillata  Gordon,  1977 
Microfreiidea  Fiirsch,  1985 
Microweisea  Cockerell,  1903 
Nipus  Casey,  1899 

Paracoelopterus  Normand,  1936  (incl.  Diloponis  Pope, 
1962) 

Pseudosmilia  Brethes,  1924 
Sarapidus  Gordon,  1977 
Stictospilus  Brethes,  1924 
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Serangiini 

Delphastus  Casey,  1899 
Microscymnus  Champion,  1913 
Semngiella  Chapin,  1940  (inch  Microserangium  Miyat- 
ake,  1961) 

Semngiiim  Blackburn,  1889  (inch  Catana  Chapin, 
1940,  Cflfa?ielJfl  Miyatake,  1961) 

Sukunahikonini 
Hikonasukima  Sasaji,  1967 
Orculus  Sicard,  1931 
Pamphellus  Chazeau,  1981 
Pharellus  Sicard,  1928 

ScymnoinorphusWeise  1897  (inch  Scotoscymmis  Weise, 
1901,  syn.  Sukunahikona  Kamiya,  1960,  syn.  Scyin- 
nomorp/in  Blackburn,  1892) 

ORTALIINAE  MULSANT,  1850  [2:14] 

Noviini  Mulsant,  1850 

Anovia  Casey,  1908 
Novias  Mulsant,  1846 

Rodolia  Mulsant,  1850  (inch  Eurodolia  Weise,  1895) 

Vednlifl  Mulsant,  1850 

Ortaliini  Mulsant,  1850 

Amida  Lewis,  1896 

Anortalia  Weise,  1902 

Azorifl  Mulsant,  1850 

Ortolifl  Mulsant,  1850 

Orfalistes  Gorham,  1897 

Paramida  Sicard,  1909 

Rhynchortalia  Crotch.  1874 

Scymnhova  Sicard,  1909 

Semra  Ozdikmen  2007  (syn.  Cinachyra  Gorham,  1899) 
Zeno?'ifl  Mulsant,  1850 

SCYMNINAE  MULSANT,  1846  [11:51] 

Aspidimerini  Mulsant,  1850 

Acarinus  Kapur,  1948 
Aspidimeriis  Mulsant,  1850 
Cri/p£ogomis  Mulsant,  1850 
Pseudaspidirnerus  Kapur,  1948 
Brachiacanthini  Mulsant,  1850 
Brachiacantha  Dejean,  1837 
Cyra  Mulsant,  1850 
Hiadfl  Mulsant,  1850 
Cryptognathini  Mulsant,  1850 
Cryptognatha  Mulsant,  1850  (syn.  Cryptognathus 
Mulsant.  1850) 


Diomini  Gordon,  1999 

Andrzej  Slipihski  2007 
Decadioinus  Chapin,  1933 
Dichaina  Weise,  1926 

Diomus  Mulsant,  1850  (inch  Amidellus  Weise,  1923) 
Erratodiomus 

Eleterodiomus  Brethes,  1924 
Magnodiomus 

Hyperaspidini  Mulsant  1846 

Blaisdelliana  Gordon,  1970 
Elelesius  Casey,  1899 
Hyperaspidius  Crotch,  1873 
Hyperaspis  Chevrolat,  1836 

Meltema  Ozdikmen  2007  (syn.  Corystes  Mulsant, 
1850) 

T/ifllassfl  Mulsant,  1850 
Tip/iysfl  Mulsant,  1850 
Pentiliini  Mulsant,  1850 
Calloeneis  Grote,  1873 
Ciirticornis  Gordon,  1971 
Pentilia  Mulsant,  1850 
Platynaspidini  Mulsant,  1 846 
Crypticolus  Strohecker,  1953 

Platynaspis  Redtenbacher,  1843  (inch  Paraplatynaspis 
Hoang.  1983,  Phymatosternus  Miyatake,  1961, 
Platynaspidius  Miyatake,  1961) 

Scymnillini  Casey,  1899 
Viridigloha  Gordon,  1978 
Zagloba  Casey,  1899 

Zilus  Mulsant,  1850  (inch  Scyrnnillus  Rorn  1895) 

Scymnini  Mulsant,  1 846 

Acoccidida  Barowskij,  1931 

Aponephus  Booth  1991 

Apseudoscymnus  Roang,  1984 

Axinoscymnus  Kamiya,  1963 

Clitostethus  Weise,  1885  (inch  Nephaspis  Casey,  1899) 

Cyrcnifl  Blackburn,  1889 

Horniolus  Weise,  1901 

Keiscynmus  Sasaji,  1971 

Leptoscyinnus  lablokoff-Khnzorian,  1978 

Midas  Mulsant,  1850 

Nephus  Mulsant,  1846  (inch  Sidis  Mulsant,  1850, 
Depressoscymnus  Gordon,  1976,  Geminosipho  Fiirsch, 
1987,  Parascyinnus  Chapin,  1965,  Scyinnobius 
Casey,  1899) 

Parasidis  Brethes,  1924 
Propiptus  Weise,  1901 
PuIIosidis  Fiirsch,  1987 

Sasajiscymnus  Vandenberg,  2004  (syn.  Pseudoscymnus 
Chapin,  1962) 
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Scj/mrascus  Dobzhanskiy,  1928 
Scyinnus  Kugelann,  1794  (incl.  Didion  Casey,  1899, 
PmUus  Mulsant,  1846) 

Veronicobius  Broun,  1893 

Selvadiini  Gordon  1985 

Selvadius  Casey,  1899 

Stethorini  Dobzhanskiy,  1924 

Parastethorus  Pang  & Mao,  1975 
Stethorus  Weise.  1885 


STICHOLOTIDINAE  WEISE, 

1901  [6:58] 

Argentipilosini  Gordon  & de  Almeida,  1991 

Argentipilosa  Gordon  & de  Almeida,  1991 
Neojauravia  Gordon  & de  Almeida,  1991 
Cephaloscymnini 
Aneaporia  Casey,  1908 
Cephaloscynmus  Crotch,  1872 
Neaporia  Gorham,  1897 
Prodilis  Mulsant,  1850 
Prodiloides  Weise,  1922 
Limnichopharini  Miyatake,  1994 
Limnichopharus  Miyatake,  1994 
Plotinini  Miyatake,  1994 

Ballida  Mulsant,  1850  (incl.  Palaeoeneis  Crotch,  1874) 

Buprestodera  Sicard,  1910 

Catanoplotina  Kovar  1995 

Haemoplotina  Miyatake,  1969 

Pamplotina  Miyatake,  1969 

Plotina  Lewis,  1896 

Protoplotina  Miyatake,  1994 

Sphaeroplotina  Miyatake,  1969 

Shirozuellini  Sasaji,  1967 

Ghanius  Ahmad,  1973 

Guillermo  Slipihski  2007 

Medamatento  Sasaji,  1989 

Promecopharus  Sicard,  1910 

SflSfljielln  Miyatake,  1994 

Shirozuella  Sasaji,  1967 

Sticholotidini  Weise,  1901 

Boschalis  Weise,  1897 

Bucolellus  Blackburn,  1892  (incl.  Cycloscymnus  Black- 
burn, 1892) 

Burn  Mulsant,  1850 
Chaetolotis  Slipihski  2004 
C/iilocorellus  Miyatake,  1994 
Coelolotis 


Coelopterus  Mulsant  & Rey,  1852 
Filipinolotis 

Glomerella  Gordon,  1977 

Hahrolotis  Weise,  1895 

Hemipharus  Weise,  1897 

Jauravia  Motschulsky  1858 

Leiiasa  Gordon  1994 

Lotis  Mulsant,  1850 

Mesopilo  Du  verger  2001 

Mimoserangium 

Neaptera  Gordon  1991 

Nelasa  Gordon  1991 

Neotinn  Gordon,  1977 

Nesina  Gordon,  1977 

N exophallus  Gordon,  1969 

Parajauravia  lablokoff-Khnzorian,  1972 

Paranelasa  Gordon  1991 

Parinesa  Gordon  1991 

Pharopsis  Casey,  1899 

Pharoscymnus  Bedel,  1906 

Phlyctenolotis  Sicard,  1912 

Semiviride  Gordon  1991 

Sticholotis  Crotch,  1874  (incl.  Gymnoscymnus  Black- 
burn, 1892,  Nesototis  Miyatake,  1966,  Paranesolotis 

Hoang,  1982) 

Stictohura  Crotch,  1874 
Sulcolotis  Miyatake 
Synonychimorpha  Miyatake,  1994 
Trimallena  Pope,  1962 
Xamerpillus  Sicard,  1912 
Xanthorcus  Weise,  1898 
Xestolotis  Casey,  1899 

Figures  in  brackets  following  subfamily  names  are 
numbers  of  tribes  and  genera.  After  any  taxon,  in 
parentheses,  are  widely  used  or  recently  established 
synonyms. 

Based  on  lablokoff-Khnzorian  (1982),  Fuersch 
(1990),  Gordon  and  de  Almeida  (1991),  Vandenberg 
(1992),  Duverger  (2001),  Slipihski  and  Tomaszewska 
(2002),  Vandenberg  (2002),  Poorani  (2003),  Ukrain- 
sky  (2006),  Kovar  (2007),  Ozdikmen  (2007),  Slipihski 
(2007),  and  Synopsis  of  the  described  Coleoptera  of 
the  world  (http://Lnsects.tamu.edu/research/collection/ 
hallan/ test/ Arthropoda/Insects/ Coleoptera/Family/ 
Coleoptera  1 .htm) , http: / / www. scientific-web.com/ en/ 
Biology/ Animalia/ Arthropoda/Insects/ Coccinellidae. 
html  (accessed  November  2010).  Full  citations  are 
listed  in  Chapter  1 . 
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Aaron's  rod  see  Verhascum  tlmpsus 
Abgrallaspis  cyanophylli  60,  87,  91, 

190,  204 

Abies  halsamea  471 
abundance  of  coccinellids 
absolute  and  relative  111 
and  character  of  landscape  127 
on  crops  129,130 
and  habitat  fragmentation 
126-127 

link  to  aphid  abundance  117,  118 
methods  of  estimating  468-472 
reduced  tillage  502,  503 
sampling  methods  112-1 14 
transgenic  crops  122-123 
on  trees  131,132 
Abutilon  theophmsti  227,  227 
Acacia  154,183,489 
Acalypha  ostryaefolia  123,  126,  227, 
227 
acarina 

Coccipolipus  411-414 
phoretic  mites  345,411 
accepted  food/prey  143,144,145, 
146 

Aconitum  165 
Acraea  encedon  425 
Acivcephalus  schoenohaenus  379 
Acutaspis  umbonifera  190 
Acyrthosiphon  camganae  58 
Acyrthosiphon  ignotwn  5 8 
Acyrthosiphon  kondoi  476 
Acyrthosiphon  nipponicum  see 

Neoaulacorthum  nipponicwn 
241 


Acyrthosiphon pisurn  57,  58-65, 
74-75,  78,  115,  118,  120, 

145,  147,  152-154,  157, 

158,  160.  161,  161-163, 

164,  168-9,  168,  170,  171, 
172.  174,  182.  188-195, 

196,  206,  208,  218,  220, 
222-224,  234,  236,  237, 

238,  240,  297,  345,  451, 

457,  469.  534 

ant  attendance  236,237 
consumption  rates  160 
essential  prey  158,  162,  172, 
188-195 

larval  period  and  pupal  mass,  effect 

on  161 

nutritive  value  196-197 
pea  surface  wax  2 1 7-2 1 8 
ratio  between  disturbed  and 
consumed  240 
visual  ability  239 
Adalia  hipunctata  20,  21,  23-32,  23, 
30,  36,  37,  39.  55-57,  58,  68, 
69,  72,  73,  77,  78,  79,  82-85, 
87.  89.  90,  91,  93,  96,  113, 
117,  119-123,  121.  126, 

128,  129,  129-132,  144- 

146,  150,  151,  151-154, 

153,  159,  162,  163-169, 

165.  166,  172-174,  173, 
179-180,  205,  209,  211, 

212,  215,  216-217,  224, 

230,  231,  236,  291,  305, 

306,  308,  309,  311,  318, 
320-322,  324-326,  329, 


332,  344,  356-358,  363, 
376,  377,  378.  391,  392, 
398,  399,  407,  407,  408, 
412,  413,  414,  416,  417, 
417,  420,  422,  425,  449, 
451,  454-458,  477.  498. 
504,  505,  508 
adaptation  ability  157 
aphid  prey  153 
capture  of  238,239 
development  on  different  145, 
147 

rejected/problematic  165-168 
toxic,  effects  of  161,162, 

452 

augmentation  498 
Coccipolypus  hippodamiae,  infection 
by  413 

colour  pattern  variation  21,  22, 
23.  25 

assortative  mating  2 7 
evolution  of  26 
geographic  variation  23-24 
diapause  regulation  290-291 
dormancy  behaviour  313-314 
egg  cannibalism  1 7 7-1 78 , 233 
essential  foods  188 
expansion  in  Japan  49  3-494 
inbreeding  40 
intraguild  predation  350, 
351-352,  361 

larval  attachment  ability  218 
larval  food  consumption  202, 
203 

preference  for  452^53 


Ecology  and  Behaviour  of  the  Ladybird  Beetles  (Coccinellidae),  First  Edition.  Edited  by  I.  Hodek,  H.E  van  Emden,  A.  Honek. 
© 2012  Blackwell  Publishing  Ltd.  Published  2012  by  Blackwell  Publishing  Ltd. 


532 


Subject  index  533 


Adalia  bipunctata,  (continued) 
male-killing  bacteria,  effect  of 

421,  422,  424,  424,  425.  425 
mtDNA  and  male-killing  bacteria 
30-31 

non-insect  food  180,185 
olfaction  225 

oviposition  deterrence  228,  229 
larval  tracks,  chemical 
composition  455 
search  patterns  215,220 
sperm  competition/paternity  studies 
42-43 

trophic  egg  laying  173.  177 
wing  development  2 8 
Adalia  conglomerata  131 
Adalia  decempunctata  21.  23,  25,  27, 
30,  39,  42,  43,  45,  46,  48, 

59.  79,  84,  85,  100.  129. 

131.  136,  151.  161,  166. 
189.  196,  231.  233,  236. 

238.  248,  309,  339.  347. 

365.  376,  377,  378.  392. 
399.407.  408,412.413, 
420.422,440.452,454, 

460 

Adalia  deficiens  387.391 
Adalia  fasciatopunctata  see  Adalia 
bipunctata 

Adalia  flavomaculata  see  Lioadalia 
flavomaculata 
Adalia  tetraspilota  79 
additional  prey,  aggregative  response 
212-213 

Adelges  cooleyi  189 
Adelges  laricis  188 
Adelges  nordmannianae  189 
Adelges  niisslini  see  Adelges 
nordmannianae 
Adelges  piceae  493 
Adelges  tsugae  66,153,175, 

193-196.  344,  471,  493 
adelgids 

control  of  493 
as  prey  175 

Adonia  arctica  see  Hippodamia  arctica 
Adonia  variegata  see  Hippodamia 
variegata 

Adonis  ladybird  see  Hippodamia 
variegata 
adult(s)  76-91 
defence  of  357-358 
fecundity  88-90 
longevity  90-91 
mating  82-85 


mean  SCP  96 
ovarioles  78-82 
oviposition  85-88 
pre-oviposition  period  77-78 
size  78.  95 

teneral  development  76-77 
wings  and  flight  77 
aestivation  diapause  2 7 6-2  7 7 
Afidenta  misera  79 
Afissula  rana  79,  316 
Afissula  sanscrita  79 
Aframornum  melegueta  24-26 
age  of  coccinellids 
growth  curves  74 
hatching  rate  68 
oviposition  rates  86.87 
at  peak  oviposition  8 6 
pupal,  respiration  rate  75 
and  sexual  activity  9 1 
and  variation  in  defensive  chemistry 
447 

and  willingness  to  mate  82 
Agelastica  coerulea  167 
aggregations 

chemical  implicated  in  451,453, 
457 

dormancy  302,  305-309 
monospecific  308 
aggregative  numerical  response 
211-213,  227 
Agistemus  longisetus  490 
Agonoscena  pistaciae  195 
Agonum  dorsale  474 
agricultural  practices 

changes  in,  effects  of  126-127 
habitat  management  500-502 
Agropyron  desertorurn  207 
Aiolocaria  hexaspilota  59,  79,  82, 

90.  167.  189.  197,  197.  221, 
225,  259,  308,  310.  311, 

311,  321,  340,  420,  426, 

428,  437 

dormancy  sites  311 
Aiolocaria  mirabilis  see  Aiolocaria 
hexaspilota 

air-currents,  use  of  302 
alarm  pheromone  225,239,451, 
468 

Alauda  arvensis  379 
Alcaligenes  paradoxus  421 
alder  leaf  beetle  see  Agelastica  coerulea 
Aleurodicus  cocois  169 
Aleurodicus  dispersus  490 
Aleurotuha  jelinekii  190 
Aleyrodes  proletella  191 


alfalfa  fields 

alternative  prey  170-172.213 
nutritional  value  196-197 
strip-harvesting  501 
alfalfa  weevil  see  Hypera  postica 
alkaloids  376 

aphid  toxicity  163-164,165 
egg  and  pupae  protection  76,456 
enemies  and  competitors  449 
host  plant  167 
larvae  protection  357 
reflex  blood  376,  377,  445-449 
alkanes,  larval  tracks  455 
Allantonematidae  414 
allelobiosis  458 
allelochemicals  151.  155,  196 
and  aphid  toxicity  158,  160-161, 
164-165 

DIMBOA  in  wheat  164,169 
evolution  of  adaptive  resistance  to 
166 

and  prey  rejection  165-166 
allelopathy  458 
AUoneda  dodecaspilota  79 
allozymes 

method  of  analysis  34 
population  genetics  40 
sperm  competition  42^  3 
Alnus  japonica  167 
Alternaria  180-181,  183,  184 
alternative  foods/prey  146, 

170-174,  187,  302,  344 
biological  control  490 
conservation  499-500 
pollen  180 

altruistic  behaviour  451 
Arnaranthus  hybridus  227,  227 
Amhlyseius  andersoni  353 
Amhlyseius  fallacis  490 
Ambrosia  artemisiifolia  152 
American  hickory  see  Carpinus 
caroliniana 

Aminellus  see  Cowperia 
Aminellus  sumatraensis  see  Cowperia 
sumatraensis 

Amphitetranychus  viennensis  67 
Amplified  Fragment  Length 

Polymorphism  (AFLP)  analysis 

34 

Anagasta  kuehniella  see  Ephestia 
kuehniella 

Anagyrus  australiensis  384 
Anagyrus  353,  384.  386,  471,  496 
Anagyrus  kamali  496 
Anagyrus  lopezi  471 
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Anagyrus  pseudococci  353 
Anastatus  386 
Anatis  halonis  174 
Anatis  labkulata  20.132 
Anatis  mali  122,  185,  189,  208, 
306.  471 

Anatis  ocellata  23.56.59.79,80, 
85.  102.  122,  128,  131.  146. 
149.  151.  151,  189.  214, 
221.  223.  256,  314,  355. 
389.  392.  399.  406.  407. 
408 

Anatis  quindecimpunctata  130,  132 
anatomical  state,  diapause 
fat  body  and  digestive  tract 
316-317 

flight  muscles  323 
male  gonads  321-323 
ovary  and  spermatheca  317-321 
Anechura  harmandi  426 
Anegleis  cardoni  59.  68.  86.  87.  91 
Anethum  gmveolens  121 
Angoumois  grain  moth  see  Sitotroga 
cerealella 

Anisolernnia  dilatata  see  Megalocaria 
dilatata 

Anisolernnia  tetrasticta  452 
Anisolohus  indicus  420 
Anisosticta  hitriangularis  167,  306. 
308 

Anisosticta  noverndecimpunctata  23, 
56.  79,  129,  151.  151.  233. 
378.  399.  422.  442 
Anisosticta  sihirica  392 
Anisotylus  Timberlake  see  Homalotylus 
annual  mercury  see  Mereurialis  annua 
Anopheles  quadrimaculatus  474 
antennae 

chemoreceptors  on  450.453 
subfamily  characteristics  5-10 
Anthus  carnpestris  379 
Antlius  pratensis  379 
Anthus  trivialis  379 
antibiosis  in  plants  504-505 
antibody-based  analysis  of  predation 
474^77 

antipodean  ladybird  see  Harmonia 
antipoda 

anti-predator  defences 
ladybirds  376-377 
of  prey  117-118 
ants 

attendance  on  honeydew  producers 
236,  237,  359,  362, 

379-382,  502-503 


interaction  with  ladybirds  236- 
238.  359-360 

seniiochemical  repellence  449 
Aonidiella  aurantii  60,190 
Aonidiella  orientalis  60.189 
Aonidimytilus  alhus  60 
apex  predators,  coccinellids  as 
354-355 

Aphanogmus  387 
aphid  abundance/ density  116 
and  age  of  host  plant  122 
and  climatic  changes  115-116 
link  to  coccinellid  abundance 
117.  118 

and  oviposition  117,  119-120. 
456 

simulation  of  timing  of  peak 
116 

aphid  alarm  pheromone  225,  239, 
451.  468 

Aphidecta  ohlitemta  21,  45,  52,  57, 
85,  95,  108.  120.  129,  131, 
151.  151,  154,  189,  205, 
229.  230.  263.  271,  273, 

308.  314,  325.  327,  328. 

329.  339,  370.  399,  408. 

415.  431.  443.  458,  462, 

463.  493,  509 
aphid  parasitoids 

avoidance  of  plants  with 
coccinellids  353 
detection  of  footprint 

semiochemicals  455-456 
aphid  population  cycle,  phases  of 
466-467 

aphid  population  dynamics  472 
demographic-based  estimates 
473-474 

multi-species  combinations 
472-473 

population  decline,  confounding 
factors  466 
aphid  resistant  crops 
Bt  toxins,  effect  on  ladybirds 
505-506 

synergism  with  coccinellids 
504-505 

Aphidentula  bisquadripunctata  316 

Aphidius  colemani  171,  400,  456 

Aphidius  eadyi  455 

Aphidius  ervi  232,  450.  455,  472 

Aphidoletes  aphidimyza  352,  361 

aphids 

alarm  pheromone  225,239,451, 
468 


ant  attendance  2 3 6-2  3 8 , 

502- 503 

biological  control  of  492-493, 

503- 504 

colony  age  and  oviposition 
227-228 

defensive  and  escape  behaviour 
238-241 

dropping  behaviour  118 
reduced  size,  effect  on  predation 
505 

reproduction  492 
social  (soldier)  382 
suppression  of  467,472-473 
toxic  157-165 
Aphis  carduella  192 
Aphis  cirsiiacanthoidis  see  Aphis  {abac 
cirsiiacanthoidis 

Aphis  craccivora  cowpea  aphid  or 
groundnut  aphid  59-62. 
64-65,  68,  74,  78,  87.  117. 
118.  147,  148,  160,  161. 

167,  189-195,  222,  236, 
237.238,453.  504 

Aphis  cytisorum  cytisorum  191 
Aphis  fabae  cirsiiacanthoidis  58 
Aphis  fabae  58,  157,  158,  158.  159. 
160.  167-168 

Aphis  Jarinosa  63-66,  87.  91, 

117,  144,  190-195.  222, 
223.  237,  361,  469,  480, 

495 

Aphis  glycines  59 

Aphis  gossypii  59-65,73,75,88. 

91,  148.  154,  161,  162,  164, 

168,  178-179,  190-196. 
197,  205,  210,  236,  239, 

345.  469 

survival,  and  increased  C02  levels 
197 

Aphis  hedeme  188 

Aphis  helianthi  see  Aphis  carduella 

Aphis  jacobaeae  163-165,  190, 

446 

Aphis  laburni  see  Aphis  cytisorum 
cytisorum 

Aphis  nerii  61,  68,  147,  148, 

161-163,  179,  190-194. 

446 

Aphis  pomi  58-65,153-154,155, 
168,  188-195 
Aphis  punicae  191-193 
Aphis  sarnbuei  144-146,  145,  153, 
158,  158-159,  160.  160. 
163.  164,  166,  188,  196 
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Aphis  spimecola  63,  66,  123,  146- 
147,  149,  163,  176,  183, 

194,  228,  236,  361-362 
Aphis  spimephaga  58 
Aphis  spiraephila  61,64-65 
Aphis  urticata  190 
Apis  mellifem  174,  179,  189,  193 
Apolinus  lividigaster  79,  97,  183, 
236,  241,  243,  266,  297, 

324,  333,  381,  439 
diapause  297 
aposematic  colouration  445 
anti-predator  defence  376 
chemical  compounds  445-449 
enemies  and  competitors,  impact  on 
449 

pupae  7 5 

toxicity  warning  signal  358 
apple  see  Malus  pwnila 
apple  powdery  mildew  see  Podosphera 
sphaera  leucotricha 
apple  sucker  see  Psylla  mali 
Aprostocetus  esurus  388 
Aprostocetus  neglectus  384 
Aprostocetus  384,  388,  409 
Apus  apus  379 
Araneus  diadematus  449 
Arctia  164 

Argentine  ant  see  Linepithema  humile 
Argentipilosini  tribe  5 
Arionater  477 
Arion  hortensis  477 
aromatic  Apiaceae,  conservation 
501 

arresting  responses,  plant  volatiles 
inducing  450, 458 
Artemisia  tridentata  225 
Artemisia  vulgaris  117,121.126, 
501 

artificial  diets  161.166.185-187 
and  conservation  499-500 
artificial  infestations,  field  cages  470 
artificial  substrates  for  pupation  7 5 
Asconiycota,  fungal  pathogens 
415-418 

ash-gray  lady  beetle  see  OUa  v-nigrwn 
Asian  citrus  psyllid  see  Diaphorina  citri 
Asian  multi-colored  ladybeetle  see 
Harmonia  axyridis 
Aspidimerini  tribe  10 
Aspidiotus  destructor  192.  236.  492 
Aspidiotus  nerii  60.  91.  163,  189. 
228 

assemblages  of  coccinellids, 

mechanism  of  11 6-1 1 7 


associative  learning  4 5 2-A  5 3 
assortative  mating  2 7 
Asterolecanium  sp.  163 
Atriplex  sagittate  119 
Atritomellus  see  Dendrocerus 
attachment  ability  of  larvae  218 
augmentation  of  coccinellids 
495-496 

dietary  requirements  497-498 
life  stages  for  release  498 
mealybug  destruction  496 
redistribution  49  6-49  7 
source  material  for  49  7 
augmentative  blocontrol  362 
Aulacaspis  tegalensis  60 
Aulacaspis  tubercularis  60 
Aidacorthum  magnoliae  see 

Neoaulacorthum  magnoliae 
Aidacorthum  solani  78,  153.  188 
Austroterohia  386 
Aximopsis  388 

Axinoscymnus  cardilobus  59,  75,  87, 
88,  89,  90,  93.  96,  101,  189, 
254 

Azteca  instahilis  237,360,381 
Azya  orbigera  189,  237,  360,  381, 
384,  442,  503 

Azya  trinitatis  see  Pseudoazya  trinitatis 
Azyini  tribe  7,  9 

Bacillus  thuringiensis  122,  123,  421, 
505-506 
bacteria 

general  pathogenic  464 
male-killing  349,421-425 
evolution  of  38,39 
and  failure  of  egg  hatching  68 
molecular  genetic  studies 
29-31 

balsam  fir  see  Abies  balsamea 
balsam  woolly  adelgid  see  Adelges 
piceae 

banding,  chromosomes  14 
‘barcode’  DNA,  species  identification 
29.  36 

bark  crevices,  dormancy  sites  314 
barn  swallow  see  Hirundo  rustica 
barred  warbler  see  Sylvia  nisoria 
Baryscapus  386, 409 
Baryscapus  thanasimi  386 
B-chromosomes  and  sex-ratio 
15-16 

Beauveria  bassiana  72.  359,  415, 
445,  498,  500 
‘beetle  banks’  500 


behaviour  patterns  in  diapause  301 
dormancy  phases  301-309 
individual  species  309-316 
Bemisia  argentifolii  see  Bemisia  tahaci 
Bemisia  tabaci  60.87,172,189, 
196,  202 

Benthamidia  florida  201 
benzaldehyde  450 
Berberis  vulgaris  120 
Beta  vulgaris  121 
Betula  populifolia  152,182 
Betulaphis  hrevipilosa  239,  239 
Betulaphis  quadrituberculata  188 
Bieri  model,  peak  oviposition  rate  86 
big-eyed  bug  see  Geocoris  punctipes 
big-headed  ant  see  Pheidole 
megacephala 

biological  control  150,  154,  222, 
489,  524-525 
ancillary  factors  502-509 
ant-attendance  502-503 
pesticides,  selective  use 
506-509 

plant  structure  and  chemistry 
504-506 

seasonal  cycles  503-504 
ants,  disruptive  impact  of  362 
and  aphid  population  cycle  467 
augmentation  of  coccinellids 
495^98 

coccinellid  role  466,489-491 
Coccipolipus  species,  use  in 
413-114 

Col.  maculata  152 
conservation  498-502 
exotic  introductions,  targets  of 
491^95 

facilitation  and  361-362 
intraguild  interactions  and  362 
intraguild  predation  and  361 
large-scale  field  trials  477 
Pediohius  foveolatus,  use  in 
410-411 

biological  invasion  360.  361 
bird  cherry-oat  aphid  see 
Rhopalosiphum  padi 
bird  predators  377,  378,  379 
bitter  melon  see  Mornordica  charantia 
bivoltinism 

A.  bipunctata  320 
C.  novemnotata  289 
C.s.brucki  286-287.287-288. 
288,  320 

C.  septempunctata  278,  279, 

283 
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bivoltinism,  (continued) 

Har.  axyridis  295 
Hip.  tredecimpunctata  292 
black  ant  or  garden  ant  see  Lasius 
niger 

black  bean  aphid  see  Aphis  fabae 
black  citrus  aphid  see  Toxoptem 
aurantii 

black  nightshade  see  Solanwn  nigrum 
black  (or  brown)  mustard  see  Brassica 
nigra 

black  peach  aphid  see  Brachgcaudus 
persicae 

black  redstart  see  Phoenicuriis  ochruros 
blackcap  see  Sylvia  atricapilla 
black  lady  beetle  see  Rhhohius  ventralis 
blood-red  lady  beetle  see  Cycloneda 
sanguinea 

blue  alfalfa  aphid  see  Acyrthosiphon 
kondoi 

blue-headed  wagtail  see  Motadlla  flava 
blue  tit  see  Cyanistes  caeruleus 
bluethroat  see  Luscinia  svecica 
body  length  78,81 
body  mass  75,74,81 
body  size  78 
defensive  measure  356 
dietary  generalists  and  specialists 
151-152 
larva  73 

link  to  prey  size  & density 
147-150 

niche  partition  345 
sibling  egg  cannibalism  176 
and  size  of  prey  119 
temperature  affecting  9 5 
and  winter  survival  331-332 
'body  size-dietary  breadth' 
hypothesis  151-152 
body  weight  7 8 
and  egg  size  56 
and  number  of  ovarioles  78, 
79-81.  82 

Boettcheria  latisterna  385 
Brachiacantha  quadripunctata  380. 
417.  418 

Brachiacantha  ursina  130.  132,  306, 
380,  396.  398 
Brachiacanthini  tribe  1 0 
Brachycaudiis  hdichrysi  153,  188. 
195 

Brachycaudiis  persicae  188-189, 
195,  236 

Brachycaudiis  prunicola  236 
Brachycaudiis  tragopogonis  188 


Brachyrneria  carinatifrons  387 
brachypterous  individuals  7 7 
Brassica  campestris  207 
Brassica  napus  58.123,165,166, 
225 

Brassica  napus  subsp.  oleifera  58, 

123,  165,  166,  225,  452 
Brassica  nigra  166.  166,  452 
Brassica  oleracea  217 
Brassica  oleracea  Italica  group  121 
Brevicoryne  hrassicae  61-64.  88. 
145,  148,  163,  165,  166, 
165-166.  166,  168,  168, 

190.  193,  225.  451.  468. 

490 

aphid  alarm  pheromone  225 
control  of  490 
release  of  toxic  substance 
451-452 

broad  bean  or  faba  bean  see  Vida  faha 
broccoli  see  Brassica  oleracea  Italica 
group 

brown  apple  mite  see  Bryohia 
rubriociilus 

brown  citrus  aphid  see  Toxoptera 
citricidus 

brown  mite  see  Bryobia  rubrioculus 
brown  planthopper  see  Nilaparvata 
lugens 

Brumoides  septentrionis  225 
Brumoides  siituralis  59,  99,  189. 
251.  507,  508 

(=  Scymnus  siituralis  39,  81.  129, 
308.  314) 

Brumus  quadripiistulatiis  see 

Exochomus  quadripiistulatiis 
Brumus  suturalis  see  Brumoides 
siituralis 

Brustiospora  indicola  420 
Bryobia  praetiosa  Koch  167 
Bryobia  rubrioculus  167 
bryony  ladybird  see  Henosepilachna 
argus 

Budapest  slug  see  Tandonia 
biidapestensis 

Bulaea  lichatschovi  25.  142.  181. 

200,  246,  313.  378 
bullrush  see  Typha  latifolia 
butternut  see  Jiiglans  cinerea 

cabbage  aphid  see  Brevicoryne  brassicae 
cabbage  looper  see  Trichophisia  ni 
cage  inclusion  4 7 0-4  7 1 
Calandra  lark  see  Melanocorypha 
calandra 


Calandrella  cinerea  379 
California  red  scale  see  Aonidiella 
aurantii 

Callicaria  superba  59,  71,  79 
Callipterinella  calliptera  239 
Calocoris  norvegiciis  476 
Calotropis  procera  163,190 
Caltha  pahistris  313 
Calvia  albida  79 
Calvia  decemguttata  59,  79,  356 
Calvia  duodecimmaculata  59 
Calvia  muiri  174,  189,  392 
Calvia  quatiiordecirnguttata  37,  79, 
131.  313,  412.  455 
Calvia  quindecimguttata  37,  39,  55, 
59,  79,  93,  102,  107,  128, 
131,  132,  143,  146,  151, 
154,  189 

essential  prey  189 
Calvia  shiva  79 
Calvia  shiva  pasupati  79 
Calvia  shiva  pinaki  79 
Calvia  shiva  trilochana  79 
Campylomma  verbasci  350,  353, 

532 

Cannabis  sativa  152.182 
cannibalism  175 

non-sibling  eggs  1 7 7-1 79 
sibling  eggs  69,  175-177,  233, 
356 

Capitophorus  elaeagni  193 
carbon  dioxide  concentration  see  also 
C02  concentration 
Aphis  gossypii  survival  197 
and  pupation  timing  7 5 
Cardiiiis  crispus  216,  217 
Carinodulini  tribe  5 
Carpinus  caroliniana  152,  182 
caryophyllene  451 
cassava  mealybug  see  Phenacocciis 
manihoti 

cassava  scale  see  Aonidimytilus  albus 
catch  per  unit  effort,  sampling  522 
Caternaiiltiella  rugosa  452 
Catolacciis  388 
Caiilophyllum  rohustum  199 
Cavariella  konoi  58 
Centaurea  jacea  216,217 
Centistes  scymni  3 84 
Centistes  siibsulcatiis  384 
Centistina  nipponiciis  383,  384,  391 
Centrosema  puhescens  198,  199 
Cephaloscymnini  tribe  6 
Ceratomegilla  barovskii  kiritschenkoi 
181 
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Ceratomegilla  notata  131.181, 

181 

food  of  180-181 
Ceratomegilla  undedmnotata  59.  79. 
88,  90,  96,  101.  106,  117, 
121.  131,  134.  146,  154. 

161,  162,  168,  169,  170. 

174.  189,  220,  223,  229. 
230.  231,  249.  250.  255. 

264.  266,  267,  268.  279. 

292.  293,  294.  294,  295. 
298.  300,  301,  302,  303. 

305.  307,  308,  309,  310. 

311.  312,  314,  315.  316. 

317.  318.  320.  321.  322. 

323.  324,  325,  326.  327. 

329.  330.  335,  336,  338. 

339.  341,  372.  378.  392. 

414.  415,  420,  453,  454, 

455.  460,  461.  463.  500. 

507.  516 

confused  with  C.  septempimctata 
311 

diapause  regulation  292-295 
migratory  and  aggregation 
behaviour  309-310 
Ceratovacuna  lanigera  241-242,  382, 
498 

Cerchysiella  386 
Cervaphis  quercus  205 
Cerylonid  complex  2 
Chaetosiphon  fragaefolii  117 
Chaitophorus  capreae  145,  153,  153. 
188-189 

Chaitophorus  leucomelas  188 
Chaitophorus  versicolor  see 

Chaitophorus  leucomelas 
Chamerion  angustifoliwn  211 
Chartocerus  suhaeneus  389 
Cheilomenes  lunata  189,  223,  233, 
263.  389,  417 
Cheilomenes  propinqua  vidna 
386 

Cheilomenes  sexmaculata  see 

Menochilus  sexmaculatiis 
Cheilomenes  sulphurea  73,  392 
Cheilomenes  vidna  see  Cheilomenes 
propinqua  vidna 
Cheiloneurus  carinatus  387 
Cheiloneurus  cyanonotus  387 
Cheiloneurus  liorhipnusi  387 
Cheiloneurus  orhitalis  387 
Cheiracanthiurn  478 
chemical  cues,  plants  as  source  of 
120 


chemical  defences  38.76,355,356 
chemo-mechanical  defences,  aphids 
241 

chemical  markers,  larvae  222.  226 
and  oviposition  deterrence 
228-233 
chemicals 

see  also  allelochemicals: 
seniiochemicals 
stimulating  feeding  behaviour 
199 

chemoreceptors  on  antennae  450, 
453 

Chenopodium  121 
cherry  blackfly  see  Myzus  cerasi 
Chetogena  claripennis  385 
Chilocorinae  subfamily  5,  7-8,  9 
Chilocorini  tribe  8 
Chilocorus  baylei  see  Chilocorus 
malasiae 

Chilocorus  bijugus  79 
Chilocorus  bipustulatus  60,  71,  73, 
79.  93,  99,  108,  109.  122, 
129,  131,  136,  138,  167, 
168,  189,  220,  221,  254, 
272.  273.  276,  287.  289. 

298,  298.  299,  299,  300, 

305.  314.  320,  322.  327. 

328,  334,  336,  337,  339, 

341,  386,  387,  388,  389, 
404,  416,  417,  421,  434, 

443,  472,  485,  492.  513, 

518 

Chilocorus  braeti  79 
Chilocorus  cacti  384.  412 
Chilocorus  circwndatus  189 
Chilocorus  discoideus  384 
Chilocorus  distigma  384 
Chilocorus  geminus  299 
Chilocorus  hauseri  79 
Chilocorus  hexacyclus  14.  17 
Chilocorus  infernalis  163 
Chilocorus  inornatus  389 
Chilocorus  kuwanae  180,  190.  202. 
220.  258.  261,  266.  434. 

486,  503,  516 
Chilocorus  malasiae  190 
Chilocorus  nigripes  384 
Chilocorus  nigritus  36.  60,  71,  78, 
79,  86,  87.  88,  90,  91,  92, 

93.  99.  103,  104,  105,  107. 
156.  157.  157.  190.  203, 
204,  224,  228,  249,  253, 

265,  267.  492,  517 
Chilocorus  orbus  14 


Chilocorus  quadrimaculatus  385 
Chilocorus  renipustulatus  129,  190, 
298,  320,  324.  325,  326. 

327,  339,  389.  417 
Chilocorus  ruhidus  15,  79,  85,  105, 
190,  264.  298,  298.  324, 

325,  326.  327,  328,  329. 

339.  420 

Chilocorus  similis  386.  388 
Chilocorus  spp.,  diapause 
298-299 

Chilocorus  stigma  15,  16,  17.  18,  51, 
132.  168.  190,  261.  306, 
386,  412.417,  421.  509 
B-chromosomes  1 6 
chromosomal  fusion 

polymorphisms  16-17 
speciation  and  cytogenetic  change 
18 

Chilocorus  tricyclus  14,17 
Chinese  jute  see  Abutilon  theophrasti 
Chinese  lantern  see  Physalis  alkekengi 
Chinese  white  pine  see  Pinus  armandii 
Chionaspis  alnus  190 
Chionaspis  salicis  190 
Chnootriba  similis  384.  386.  427 
chorion,  pores  in  5 5 
Choristoneura  pinus  221 
Chromaphis  juglandicola  153,  188 
chromatographic  analysis  145. 
165-166,  225 

chromosomal  fusions  16-18 
geographic  distribution  1 7 
chromosome  numbers  & banding  14 
chromosomes  & cytology  14 
B-chromosomes  15-16 
cytogenetic  changes  16-18 
sex  determination  14-15 
chrysanthemum  aphid  see 

Macrosiphoniella  sanborni 
Chrysocharis  johnsoni  384 
Chrysomela  populi  189 
chrysomelids  (leaf  beetles) 
as  prey  154,167.170-171 
larval  mortality/pupal  weight 
143 

tritrophic  food  chain  197 
Chrysomphalus  aonidum  60,  168. 

189 

Chrysomphalus  bifasdculatus  190 
Chrysonotomyia  appannai  384,  386 
Chrysopa  344,  379 
Chrysopa  oculata  161,  352,  456 
Chrysopa  perla  161.  252 
Chrysopa  sinica  225 
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Chnjsoperla  carnea  347.  356,  361, 
480,  501 

Chrijsoperla  plomhundn  352 
Chrysoperla  rufilabris  75,  351,  353 
Chrysophtharta  bimaculata  170,  495 
chrysopid  larvae,  attack  by  358 
Chrysotachina  slossonae  384—385 
Cinara  palaestinensis  189,195 
cinnabar  moths  see  Tyria 
circadian  rhythms  see  rhythmicity 
Cirsium  arvense  120,  153,  211. 

224,  236.  458 

Cirsium  kagamontanum  198,  232 
Cirsium  kamtschaticum  199 
cis-jasmone,  plant  volatile  447,  450 
citrus  mealybug  see  Planococcus  citri 
citrus  mussel  scale  see  Lepidosaphes 
beckii 

Citrus  sinensis  66 
citrus  snow  scale  see  Unaspis  citri 
Cladosporium  180-181,  183,  184 
classification,  subfamilies 
changes  in  3-4 
future  perspectives  10,521 
morphologically  based  3 
proposed  5, 6 
Clematis  200 

Cleobora  mellyi  1 70,  186.  392,  407, 
489,  499 
climate 

change,  predictions  115-116 
and  melanism  2 6 
microclimate,  effects  on  host  plants 
124-125 

and  voltinism  90 
Clitostethus  arcuatus  60.93. 

103,  108.  154.  190.  244, 

245 

Clitostethus  oculatus  56.  60.  71.  76. 
77.  85.  86.  87.  89.  93.  96, 
102,  106.  190,  219.  258, 

266,  484,  490 

cloudberry  beetle  see  Galerucella 
sagittariae 

clover  mite  see  Bryobia  praetiosa 
cluster  size,  eggs  56-57.  58-67 
C02  concentration,  effects  of  elevated 
75.  197 

Coccidoctonus  trinidadensis  387 
Coccidophilus  citricola  385 
Coccidula  rufa  129,  131,  378.  422, 
424 

Coccidula  scutellata  378 
Coccidulinae  subfamily  4,  5,  8-9 
Coccidulini  tribe  9 


Coccinella  algerica  see  Coccinella 
septempunctata  algerica 
Coccinella  californica  130.  201,  202, 
209.  292,  420 
Coccinella  explanata  174 
Coccinella  hieroglyphica  24,  79.  129, 
143,  143,  154,  190,  253, 
306.  313,  392.  399 
Coccinella  leonina  transversalis  60. 

68,  69,  70,  70,  86,  117,  118, 
118,  126,  146,  147,  163, 

176.  178,  179.  191.  191. 

227.  228,  228.  229,  247, 

249.  263.  297.  356,  371, 

392,  405.  412.  414,  420, 
478.  485,  506,  510 
diapause  regulation  297 
dormancy  behaviour  313 
Coccinella  luteopicta  79 
Coccinella  magnifica  23,  38,  51,  79. 
90,  151,  159,  190.  226,  269, 
317.  318.  322.  367,  369, 

373,  380,  392,  398.  399, 
408,  412,  413,  436,  441 
Coccinella  monticola  24 
Coccinella  nigrovittata  183 
Coccinella  novemnotata  24,  60.  90. 
103.  152,  154,  185,  289, 

289.  290,  307.  317,  318, 

337.  392,  397,  420.  433, 

519 

diapause  289-290 
Coccinella  quinquepunctata  16,  90, 
129.  131.  151.  312.  318. 
378.  392,  398,  399.  420 
dispersal  309 
hibernation  sites  312 
testicular  activity  318.322 
Coccinella  reitteri  181 
Coccinella  repanda  see  Coccinella  leonina 
Coccinella  septempunctata  21,  30.  32. 
39.  61,  69-70.  79,  93.  116. 
123.  125,  129-132,  143, 
147-149.  151,  155,  158. 
159,  160.  163.  164,  166, 
166,  168.  172,  173,  180. 

186.  190-191.  197.  205. 
212.  215,  216,  217.  221, 
224.  225,  225.  230.  237. 
238.  240.  240,  276,  278. 
279-282,  285-286.  287, 
306.  308.  311-312,  318. 

321.  323,  330.  347-348. 

358,  376,  388-389,  392. 
397.  399.  407,  412,  417, 


420,  422,  453,  477, 

507-508 

aggregative  numerical  response 
211-213 

alternative  prey  170,  171-172, 
173.  174,  209 
aphid  prey 

larval  development  158,  159, 
163,  168 

larval  survival  149.159,163, 
166 

artificial  diets  186 
consumption  rates  160,  201, 

202,  205 

diapause  regulation  278-287 
dormancy  behaviour  311-312 
essential  foods  190-191 
exploitative  competitors  348 
foraging  behaviour  215-218 
ant  attendance  2 3 6 , 2 3 7 
intensive  search  220,  221 
sensory  perception  222,  223, 
224 

vagility  234,235,236 
intraguild  predation  210, 

351-352 

introduction  to  North  America 
493 

larval  development  on  aphid  prey 

158.  159,  163.  168 

larval  survival  on  aphid  prey  149, 

159.  163,  166 

life  history  as  affected  by  aphid  prey 

148 

non-insect  food  180,181.184 
overall  predator  voracity  155 
oviposition  and  aphid  density 
226,  228 

oviposition  deterrence  229,  230. 

231.  232-233 
plant  cues  attracting  225 
prey  capture  238,  239,  240 
substitute  diets  185,186,187 
tritrophic  studies  196-197 
voltinism  281,  286-287,  320 
Coccinella  septempunctata  algerica 
392 

Coccinella  septempunctata  brucki  191, 
221.  276,  287,  323.  392. 

395.  420,  422 

autolysis  of  flight  muscles  323 
bivoltine  life  cycle  28  6-2  8 7 
diapause  regulation  2 8 7-289 
Coccinella  sinuatornarginata  see 

Coccinula  sinuatornarginata 
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Coccinella  transversalis  see  Coccinella 
leonina  transversalis 
Coccinella  transversoguttata  24,  61, 
122,  191,  344,  412 
Coccinella  transversoguttata  richardsoni 

24,  191 

Coccinella  trifasciata  61,  130,  306. 
392.  420 

Coccinella  imdecimpimctata  aegyptiaca 
see  Coccinella  imdecimpimctata 
menetriesi 

Coccinella  undecimpunctata  39.  62, 

80.  130,  151,  154.  171.  191. 
205.  353,  389.  391.  392. 
397.  399.  412,  422, 
507-508 

importation  to  New  Zealand  492 
Coccinella  undecimpunctata  menetriesi 

191 

Coccinellidae  family 
characteristics  3 
monophyly  2-3 
Coccinellimermis  see  Hexamermis 
Coccinellinae  subfamily 
characteristics  of  6-7 
molecular  analyses  4-5 
coccinelline  446. 449 
Coccinellini  tribe  6.  7 
Cocciniila  crotchi  174,  417.  422 
Coccinula  qiiatuordecimpustulata  2 3 , 

25,  80.  167,  312.  378,  392. 
420 

Coccinula  redimita  80 
Coccinula  sinensis  392.  417.  422 
Coccinula  sinuatomarginata  2 5 
Coccipolipus  412 
Coccipolipus  africanae  412 
Coccipolipus  arturi  412 
Coccipolipus  henoiti  412 
Coccipolipus  hifasciatae  412 
Coccipolipus  cacti  412 
Coccipolipus  carneroimi  412 
Coccipolipus  cliilocori  412 
Coccipolipus  cooremani  412 
Coccipolipus  epilachnae  412 
Coccipolipus  hippodainiae  412 
Coccipolipus  macfarlanei  412 
Coccipolipus  rnicraspisi  412 
Coccipolipus  oconnori  412 
Coccipolipus  solanophilae  412 
Coccipolipus  species  (parasitic  mite) 

411 

in  biological  control  4 1 3-4 1 4 
hosts  and  distribution  412 
lifecycle  412-413 


negative  effect  on  hosts  413 
prevalence  413 
Coccus  hesperidum  157,190 
Coccus  viridis  154.  189,  237.  360. 
503 

coconut  scale  see  Aspidiotus  destructor 
Coelophora  biplagiata  62,  74,  174, 
192.  498 

Coelophora  hissellata  56,  62,  80 
Coelophora  duvaucelii  80 
Coelophora  inaequalis  21.  62 , 69 , 
149,  163,  392,  497 
Coelophora  mulsanti  192 
Coelophora  quadrivittata  21.  192 
Coelophora  saiicia  62,  68,  69,  82, 
178.  192 

co-existence  of  intraguild  prey 
360-361 

cold-hardiness  328-332 
Coleomegilla  maculata  62,  74,  152- 
153.  173.  182.  313,  354.  388 
cannibalism,  egg  177-178 
consumption 

food  deprivation  and  larval 
development  207 
prey  density  effects  on 
consumption  204,  207 
dormancy  behaviour  313 
eggprey  170,  173,  173 
essential  foods  192 

pollen  as  152,  181-182,  233 
frequency  of  short  flights  234 
laboratory  diet  for  185 
larval  and  adult  diets  157 
nutrient  requirements  186-187 
olfaction  224 
oviposition  227 

deterrence  229.  231 
periodicity  218,  219 
vagility  234,  235 
Coleomegilla  maculata  fuscilahris 
149 

Coleomegilla  maculata  lengi  143, 

182.  354.  532 

Coleomegilla  quadrifasciata  391 
Colorado  potato  beetle  see  Leptinotarsa 
decemlineata 
colouration 

aposematic  358,  376 
eggs  55,  56 
pupae  7 6 

coloured  cards,  sampling  113 
colour  pattern  variation  18,  43-44 
genetic  determination  20-23 
geographic  variation  2 3-2  5 


nature  of  colour  patterns  19-20 
significance  and  origin  2 5-2  7 
temporal  variation  2 5 
colour  vision  223-224 
commensalism  345,  347 
common  Australian  lady  beetle  see 
Coelophora  inaequalis 
common  barberry  see  Berheris  vulgaris 
common  chiffchaff  see  Phylloscopus 
collyhita 

common  cuckoo  see  Cuculus  canorus 
common  cutworm  see  Spodoptera  litura 
common  damsel  bug  see  Nahis 
(Reduviolus)  americoferus 
common  froghopper  see  Philaenus 
spumariiis 

common  redstart  see  Phoenicurus 
phoenicurus 

common  starling  see  Sturnus  vulgaris 
common  stonechat  see  Saxicola 
ruhicola 

common  swift  see  Apus  apus 
common  whitethroat  see  Sylvia 
communis 

community  of  coccinellid  species 
111 

composition  of,  factors  determining 
114 

dominance,  diversity  and  niches 
127-128 

local  faunas  1 14-1 1 6 
locality  determinants  116-127 
habitat  identification  128-132 
competition  347-349 
apparent  349 
exploitative  347 
competitive  displacement  of  native 
ladybirds  4 9 4-4 9 5 
competitive  IGP  hypothesis  351 
complex  communities,  coccinellid 
impact  472-474 
conditioning,  colour  vision  224, 

226 

conidia  (fungal  spores)  183,  184 
conservation  360-361, 498-502, 
524 

alternative  or  supplementary  food 
499-500 

biocontrol  approach  362 
habitat  management  500-502 
hibernation  refuges  500 
conspecific  larval  tracks 
egg  clustering  454-455 
oviposition  deterrence  222,229- 
233,  356,  456 
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consumed  food,  conversion  and 
utilization  of  2 09-2 1 0 
consumption  quantity  201-202 
assays  467^68 
growth  and  reproduction 

adnlt  performance  208-209 
larval  development  207-208 
physical  factors 

daily  consumption  rate  202 
total  food  consumption 
202-204 

and  prey  density  2 04-2  0 7 
Contarinia  nasturtii  170,  497 
Conura  387 
Conura  paranensis  387 
Conura  petiolivmtris  387 
Conura  porteri  387 
co-occurring  prey  207 
Cooley  spruce  gall  adelgid  see  Adelges 
cookiji 

coriander  see  Coriandrum  sativum 
Coriandrum  sativum  121 
corn  earworm  see  Helicoverpa  zea 
corn  leaf  aphid  see  Rhopalosiphum 
rnaidis 

corpora  allata  (CA)  278,  327-328 
Cosmos  201 

Cotoneaster  integerrima  120 
Cotoneaster  tomentosus  120 
cotton  aphid  see  Aphis  gossypii 
cotton  bollworm  see  Helicoverpa 
armigera 

cottony  cushion  scale  see  Icerya 
purchasi 

Coturnix  coturnix  449 
Coturnix  japonicus  445 
couch  grass  see  Elytrigia  repens 
courtship  behaviour,  D.  coccinellae 
males  394 

Cowperia  areolata  383-384.386- 
387,  399-400 
Cowperia  indica  401 
Cowperia  punctata  401 
Cowperia  sp.  (parasitoid)  383,  391, 
399.  401.  401 
Cowperia  subnigra  401 
Cowperia  swnatraensis  401 
Cranophorini  tribe  9 
cream-spot  ladybird  see  Calvia 
quatuordecimguttata 
cream-streaked  ladybird  see  Harmonia 
guadripunctata 

creeping  thistle  see  Cirsium  arvense 
Crematogaster  lineolata  76,456 
Crernatogaster  76.381,456 


crested  wheatgrass  see  Agropyron 
deseriorum 

critical  photoperiod  276,  284,  290, 
291.  298,  299 

crops 

see  also  alfalfa  fields 
agricnltural  practices  127 
aphid  resistant  cultivars  164. 

169.  504-505 
coccinellid  abundance  130 
diversification  126 
food  spray  substitutes  187 
ladybird  habitats  128-129 
microclimate  effects  124-125 
sampling  from  112-113 
strip  cutting  126 
timing  of  colonization  503-504 
weeds  in,  positive  effects  of  126 
Crotalaria  striata  183 
crowding 

and  egg  viability  68,  83 
fecundity,  adverse  effect  on  88 
of  larvae,  effect  on  adult  size  78 
and  ovarian  dysfunction  82 
and  pupal  development  7 5 
and  take-off  77 

cryptically  coloured  pupae  75,  76 
cryptic  species,  delimiting  41-42 
Cryptochaetum  iceryae  172 
Cryptognatha  nodieeps  492 
Cryptognatha  signata  383 
Cryptognatha  simillima  384 
Cryptognathini  tribe  9 
Cryptogonus  ariasi  80 
Cryptogonus  kapuri  391,  396, 

401 

Cryptogonus  orhiculus  80 
Cryptogonus  postmedialis  Kapur  80. 
316.  527-530 

Cryptogonus  quadriguttatus  80 
Cryptolaemus  montrouzieri  36,  167. 
169,  185,  192.  218,  222, 
237,  353,  383.  385-386, 
391.  401.  492,  496,  505 
control  of  mealybug  and  scale 
insects  496 
Cucujoidea  2 
Cuculus  canorus  379 
Cucurbita  maxima  126 
Culex  quinquefasciatus  479 
Curinus  coeruleus  174,  192,  217, 
223.  362.  493.  497. 
507-508 

cuticular  cribriform  plate,  ductless 
glands  454 


C-value,  genome  size  14 
Cyanistes  caeruleus  37b 
Cycloneda  ancoralis  192.  330 
Cycloneda  limhifer  192,  223,  229, 
229,  230,  231,  232.  454, 

455 

Cycloneda  munda  120,  129.  130. 
132.  152,  173.  192.  305, 
392.  397,  417,  418 
Cycloneda  polita  130.132 
Cycloneda  sanguinea  15,  71,  119, 
149.  161,  162.  163,  174. 
175,  175,  179,  185,  192. 
210.  224.  357,  360-361. 
377,  387,  392.  407.  412, 
417,  507-508 

development  time  and  survival  rate 

162 

Cydonia  vicina  nilotiea  see  Cheilomenes 
propinqua  vicina 

Cymhopogon  citratus  181,  183 
Cynegetini  tribe  7 
cytogenetic  changes  16-18,19 

Dactylopius  opuntiae  178,192 
daily  fecundity  58-67,  86,  87,  90 
damson-hop  aphid  see  Phorodon 
humuli 

Danaus  plexippus  1 70,  205 
dandelion  see  Taraxacum  officinale 
Declivitata  spp.  412 
defence(s) 

ant  attendance  2 3 6-2  3 8 
aphid  238-241 
plant  200 

defensive  mechanisms,  coccmellids 
against  ants  380 
against  intraguild  predation 
355-358 

against  parasitization  394 
against  Phalacrotophora  408 
aposematic  colouration  358, 

376 

morphological  adaptations  377 
reflex  bleeding  3 7 6-3  7 7 
Degeeria  liictuosa  see  Medina  luctuosa 
Delichon  urhica  377 , 379 
Delphastus  catalinae  62,  68,  89,  91, 
93.  96,  96.  192,  202,  219, 
348,  353,  495 

Delphastus pusillus  56,  76,  85,  172, 
175.  192,  205.  361 
Delphiniobium  junackianum  165 
Dendrocalamus  giganteus  163 
Dendrocerus  388 
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Dendwcerus  ergensis  388 
Dendrocopos  medius  379 
Deroceras  reticulatum  477 
development 

embryonic  56,  85 
larval  72-73 
pupal  7 5 

temperature  effects  9 1-9  7 
teneral  76-77 

development  rate  isomorphy  9 5 
development  rate  and  temperature 
75,  82,  92,  93-94,  96 
development  time 

effect  of  C02  on  pupation  7 5 
of  larvae  72-73 
and  temperature  92 
Diahrotica  virgifera  32 
diamondback  moth  see  Plutella 
xi/lostella 

diapause/dormancy  276 
see  also  individual  species 
anatomical/physiological  changes 
anatomical  state  3 1 6-3  2 3 
metabolic  changes  323-327 
behaviour  patterns  301 
dormancy  phases  277, 

301-309 

individual  species  309-316 
endocrinological  aspects  277-278 
hibernation  and  aestivation 
276-277 

research  activity  523 
termination/ completion  277 
Diaphorina  citri  174,469 
Diaspidiotus  perniciosus  60 
Dibrachys  cavus  383,385-386, 
388,  405 

Dicranolaiiis  bellulus  478 
dietary  complementation  across  life 
stages  156-157 
dietary  generalists  and  specialists 
150-152 

diet(s) 

see  also  food 

combination  and  mixed  155-157 
and  egg  cluster  size  57,58-67 
longevity,  effect  on  91 
and  reproductive  output  78 
substitute  and  sprays  185-187 
digestion 

during  dormancy  3 1 6-3 1 7 
extra-intestinal  241 
dill  see  Anethurn  graveolens 
dilution  effect  350,352,353,357 
DIMBOA  in  wheat  1 64,  1 69 


Dinocampus  coccinellae  (parasitoid) 
383-384,  391 
development  394-395 
flight  performance,  effect  on 
303-304 

host  preferences  and  parasitization 
rates  396-399 
host  range  and  host  suitability 
392-393,  396 
ladybird  fertility,  effect  on  88 
ladybird  ovaries,  effect  on  317 
larval  nutrition  395-396 
life  cycle  394 

reproduction,  mode  of  391,  394 
semiochemical  attraction  449 
Dinocampus  383-384,  391 
Dinocampus  nipponicus  see  Centistina 
nipponicus 

Dinocampus  terminatus  see  Dinocampus 
coccinellae 

Diomus  austrinus  89.  93,  9 5,  192 
Diomus  hennesseyi  143,  491 
Diomus  pumilio  384 
Diomus  seminulus  417 
Diomus  thoracicus  449 
diploid  chromosome  numbers  14, 

15 

dipterans,  in  IGP  3 5 2-3  5 3 
directional  selection  28 
direct  observation  468,  469,  474, 
475 

disc  equation,  functional  response 
206 

Discotomini  tribe  6 
dispersal  flight,  dormancy  302,  309 
distribution  110-117,  121-128, 
132 

vertical  on  host  plant  122,  125 
Diuraphis  noxia  63,  66,  123,  146, 

190,  192-195,  205,  206, 
466,  504 

diversity,  coccinellid  114 
and  geographical  latitude 
114-115 

studies  of  127-128 
tropical/subtropical  areas  129 
DNA-based  gut  content  analysis 
144-145,  478-481 
DNA  sequence-based  studies  36, 
37-38 

Dolichoderus  bidens  7 6 
dominant  species  127-128 
dormancy  phases  277 
aggregations  305-309 
emergence  309 


migration  302-305 
pre-diapause  301-302 
dormancy  sites  282,309-316 
emergence  from  309 
Doryphorophaga  doryphorae  see 
Myiopharus  doryphorae 
Drepanosiphum  platanoidis  145,  153, 
153,  188-189,  238 
drone  honeybee  powder,  substitute 
food  174 
dropping  behaviour 

aphid  escape  response  118,  238, 
239,  240,  468 

coccinellid  escape  mechanism 
357,  358 

Drosophila  melanogaster  2 8 
ductless  glands,  pheromones  released 
by  454 
duration 
flight  77 
hatching  69 

larval  development  72,  73 
mating  82-83,  84 
pupal  stage  7 5 

dusky  lady  beetle  see  Scymnus  loewii 
D-Vac,  vacuum  sampling  by  112 
Dysaphis  crataegi  64,194 
Dysaphis  devecta  192 
Dysaphis  plantaginea  62,192 
Dysmicoccus  194 
Dytiscus  sp.  241 

(E)-P-farnesene  (EBP)  225,447,451 
early-season  predation  477 
Echthroplectis  see  Homalotylus 
ECI  (efficiency  of  conversion  of 

ingested  material)  209-210 
ecologically  relevant  temperatures  92 
ecophysiological  regulation  of 

diapause  278,  300-301 
Adalia  bipunctata  290-291 
Apolimis  lividigaster  297 
Ceratomegilla  undecimnotata 
292-295 

Chilocorus  species  2 9 8-2  9 9 
Coccinella  leonina  297 
Coccinella  novemnotata  289-290 
Coccinella  septempunctata  278 
Central  Europe  278-282 
Mediterranean  region  284-2  8 5 
Nearctic  region  2 8 5-2  8 6 
Northern  Europe  283-284 
voltinism  286-287 
Western  Europe:  Erance 
282-283 
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ecophysiological  regulation  of 
diapause,  (continued) 
Cocclnella  septempimctata  hrucki 
Central  Japan  2 8 7-2  8 8 
Northern  Honshu  (Japan)  289 
Sapporo,  Hokkaido  (Japan) 
288-289 

Harmonia  axijridis  2 9 5-2  9 7 
Harmonia  sedecimnotata  297-298 
Hippodamia  convergens  292 
Hippodamia  tredecimpunctata  292 
Illds  galhula  297 
Pwpyka  quatuorducimpimctata 
291 

Stethorus  punctum  picipes 
299-300 

edelweiss  see  Leontopodiwn  alpinum 
egg  cannibalism  68,69,175-179, 
356 

egg-surface  chemicals  455 
semiocheniicals,  role  of  456 
egg  production  88-90 

effect  of  food  restriction  209 
multiple  matings  82-83 
and  ovariole  number  5 7 
rate  of  86 

egg  protection  behaviour 

oviposition  on  highly  pubescent 
plants  227 

species-specific  semiochemicals 
456 

egg  retention  84 
egg(s)  55 

cluster  size  56-68 
defence  of  356 
hatching  rate  68-69 
mean  SCP  96 
morphology  55-56 
nutrient  content  233 
size  56 
trophic  eggs  69 
egg  teeth  56 

eighteen  spot  ladybird  see  Mijrrha 
octodecimguttata 
Elasmus  388 

Elatohium  abietinum  189,  205 
elder  aphid  see  Aphis  sarnlmci 
elder  see  Sambucus  nigra 
electroantennograms  (BAG)  224, 
225.  453 

electrophoretic  methods  327-328 
eleven  spot  ladybird  see  Coccindla 
undecimpunctata 

ELISA  technology  474.  475,  477. 
478,  479 


elm  leaf  beetle  see  Xanthogakruca 
luteola 

elytra 

hydrocarbons  454 
inheritance  studies  21-22 
pattern,  variation  in  19-20 
red  morphs,  mating  disadvantage 
26-27 

Elytrigia  repens  120.  224,  458 
embryonic  development 
and  egg  size  5 6 
optimum  microclimate  for  8 5 
emergence  from  dormancy  309 
emigration  114,  211,  235,  357 
Encarsia  sophia  353 
encounter  with  prey,  effects  of 
220 

endocrinological  pathways,  diapause 
277-278 

endosymbiotic  bacteria  29-31.  38. 
39.  41-42, 522 

enzyme-linked  immunosorbent  assay 
(ELISA)  technology  474, 
475,  477,  478.  479 
Eocaria  muiri  see  Calvin  muiri 
Ephestia  kuehniella  57,  58.  73,  153, 
156 

Epidinocarsus  lopezi  see  Anagyrus  lopezi 
Epilachna  ‘chrysomelina’  see 

Henosepilachna  argus  or 
Elenosepilachna  elaterii  or 
Henosepilachna 
vigintioctopunctata 
Epilachna  adniirabilis  72,  90,  405. 
411,  452 

Epilachna  bisgiiadripiinctata  see 

Aphidentula  bisquadripunctata 
Epilachna  boisduvali  see  Henosepilachna 
boisduvali 

Epilachna  borealis  76.  385 
Epilachna  canina  400 
Epilachna  cucurbitae  see  Henosepilachna 
surnhana 

Epilachna  defecta  384 
Epilachna  dregei  316.384 
Epilachna  dwnerili  80 
Epilachna  eckloni  384 
Epilachna  enneasticta  see 

Henosepilachna  enneasticta 
Epilachna  eiisema  385,387 
Epilachna  karisimbica  412 
Epilachna  marginella  385 
Epilachna  marginicollis  80 
Epilachna  mexicana  384,  387 
Epilachna  mystica  80 


Epilachna  nigrolimbata  412 
Epilachna  niponica  see  Henosepilachna 
niponica 

Epilachna  paenulata  76,  355.  447 
Epilachna  philippinensis  see 
Henosepilachna 
vigintisexpimctata 
Epilachna  pusillaninm  see 

Henosepilachna  pusillaninm 
Epilachna  pustulosa  see  Henosepilachna 
pustulosa 

Epilachna  quadricollis  384 
Epilachna  septima  see  Henosepilachna 
septima 

Epilachna  sparsa  orientalis 
Henosepilachna 
vigintioctopunctata 

Epilachna  varivestis  73-74,  76,  187, 
198,  200,  224,  384-389. 
405,  410^11 

Epilachna  vigintioctonmculata  see 
Henosepilachna 
vigintioctonmculata 

Epilachna  vigintisexpimctata  62,  384, 
411 

Epilachna  yasutomii  see  Henosepilachna 
yasutomii 

Epilachninae  subfamily  5.  7 
feeding  stimulants  452 
food  of  198,200 
pupal  defence  7 6 
Epilachnini  tribe  7 
Episyrphiis  balteatus  347,  356,  358 
Epiverta  chelonia  7 
Epivertini  tribe  7 
Eremochilini  tribe  7 
Eretrnocerus  mundus  353 
Eriococcus  coriaceus  195.  241 
Eriopis  connexa  126,  164.  164.  205, 
224,  330,  391,  392.  417, 

505 

Eriosoma  lanigerum  193,  205, 

285 

Erysiphe  cichoracearum  66.  91 
Erysiphe  polygoni  124 
Erythrina  corallodendron  167 
essential  foods/prey  146,187,196 
list  of  188-196 
psyllids  174 

Eucallipterus  tiliae  58.  153,  153. 
157,  177,  188-189,  195, 
238-239 

eucalyptus  leaf  beetle  see 

Chrysophtharta  bimaculata 
Euceraphis  betulae  58,238,239 
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Eucemphis  punctipennis  153, 
188-189 

eugregarines,  protozoan  pathogens 
419-421 

EuIeL'anhim  camgame  190 
Euonymus  japoniciis  202 
Eupelmus  385-386, 388 
Eupdmus  urozonus  386 
Eupebnus  venmi  385 
Euphorbin  200 
Eupteromahis  Kurdjumov  see 

Trichomalopsis  Crawford 
Eurasian  blackbird  see  Turdus  menda 
European  black  slug  see  Arion  ater 
European  corn  borer  see  Ostrinia 
nuhilalis 

European  earwig  see  Forficula 
auriculnria 

European  honey  bee  see  Apis 
mdlifem 

European  red  mite  see  Panonychus 
ulmi 

European  red  wood  ant  see  Formica 
polyctena 

Eurotia  ceratoides  200 
euryphagous  species  see  generalist 
species  150-152 
Euthdyconychia  epilachnae  384, 

387  388 

evolutionary  history  studies 
phylogenetics  37-38 
phylogeographic  studies  38^2 
population  genetics  38-41 
sequence  evolution  29-33 
techniques  3 3-3  7 
exclusion  cages,  predator  impact  study 
469-470 

Exochomus  childreni  174,  192, 

361 

Exochomus  concavus  see  Parexochomus 
troberti  concavus 

Exochomus  flavipes  85,  178,  192, 
313,  384,  387,  389 
Exochomus  flaviventris  143,  169. 

169.  222,  384.  404 
Exochomus  fulvimanus  412 
Exochomus  lituratus  see  Priscibrumus 
lituratus 

Exochomus  mdanocephalus  see 

Parexochomus  mdanocephalus 
Exochomus  nigromaculatus  see 

Parexochomus  nigromaculatus 
Exochomus  quadripustulatus  16.  27. 
32,  57.  62.  74.  80,  86,  87. 

87,  96,  131-132.  161,  164, 


168,  192,  313-314,  329. 

377.  389.  393.  420 
Exochomus  troberti  see  Parexochomus 
troberti 

Exoplectrinae  subfamily  7 
Exoplectrini  tribe  7 
Exoristoides  slossonae  see  Chrysotachina 
slossonae 
extinction  115 
extrafloral  nectaries  183,499, 

504 

eyed  ladybird  see  Anatis  ocdlata 
eyespotted  lady  beetle  see  Anatis  mali 

facilitation,  predator  361-362 
facultative  diapause  276,  281,  292, 
293,  316 

faeces,  oviposition  deterrence  231, 

232 

fall  webworm  see  Uyphantria  cunea 
fat  body 

diapause  316-317 
site  of  synthesis  of  aposematic 
substances  445 
fat  reserves  during  diapause 
323-325 

faunas  of  coccinellid  communities 
114 

climatic  changes,  effects  of 
115-116 

geographic  differences  114—115 
invasion  & extinction  115 
fecundity  87,  88-90 
daily  and  lifetime  58-67 
diet  affecting  88,91 
oviposition  rate  8 6 
temperature,  effect  of  96 
feeding  habits  2 

feeding  studies . laboratory  4 6 7-4 6 8 
females 

finding  oviposition  site  226-232 
food  consumption,  effect  on 
reproduction  208-209 
preference  for  melanic  morphs 
27.  83-85 
size/ weight  75.  78 
Ferrisia  virgata  59,189 
fertilization  success  42^3 
fescue  aphid  see  Metopolophiurn 
festucae 

Ficedula  parva  379 
field  cages,  predator  impact  studies 
469-470 

fifteen  spotted  lady  beetle  see  Anatis 
labiculata 


firebug  see  Pyrrhocoris  apterus 
firethorn  see  Pyracantha  coccinea 
fireweed  see  Chamerion  angustifolium 
first  ribosomal  internal  transcribed 
spacer  (ITS  1 ) region  31-33 
fitness  56,  86 

adaptive  food  preferences 
452-453 

cannibalism  176 
fitness  compensation  424 
five  spot  ladybird  see  Coccinella 
quinquepunctata 

Flavobacterium  68,176,422-423 
flies,  dipteran  parasitoids  406-408 
flight  77 

frequency  of  short  234 
habitat  switching  127 
in  the  landscape  234-2  3 5 
migratory  303-305 
flightlessness  7 7 
flightless  mutants,  release  of  498 
flight  muscles,  diapause  304,  321. 
323 

floral  nectar,  sugar  as  substitute  187 
Elorida  red  scale  see  Chrysomphalus 
aonidum 

fluorescent  in  situ  hybridization  (EISH) 
techniques  1 5 
follicles,  ovarioles  57,  78,  82 
food 

egg  cluster  size  57,58-67 
fecundity  link  88 
larval  instars  73 
longevity  link  9 1 
and  oviposition  period  88 
preferences,  evolution  of  38 
and  pre-oviposition  period  78 
food  consumption 

functional  response  2 04-2  0 7 
growth  and  reproduction 
207-209 

physical  factors  202-204 
food  conversion  209-210 
food  intake  241-242 
food  range  142-144 
methods  for  detection  of  144-145 
food-related  behaviour 
food  intake  241-242 
foraging  behaviour  213-238 
prey  capture  238-241 
food-related  semiochemicals 
449-452 

associative  learning  4 5 2-A:  5 3 
phagostimulants  452 
plant  volatiles  449-451 
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food-related  semiochemicals, 
(continued) 

prey  alarm  pheromones  451 
toxic  substances  in  prey 
451^52 

food  relationships  142 

food-related  behaviour  2 1 3-242 
quantitative  aspects  2 0 1-2 1 3 
summary  242 

food  specificity  142-201,  146,  171, 
214,  242,  523 

alternative  food  146,147.150, 
170-174.  171,  180,  187. 

214.  242,  302,  344 
cannibalism  1 7 5-1 79 
essential  foods  187-196 
food  range  142-145 
generalist  vs.  specialist  species 
150-155 

lower  quality  prey  1 5 7-169 
mixed  and  combined  diet 
155-157 

mycophagous  Coccinellidae,  food  of 
200-201 

non-aphid  prey  169-1 7 5 
non-insect  food  180-1 8 5 
nutritional  suitability  145-147 
phytophagous  Coccinellidae,  food  of 
198-200 

prey  size-density  hypotheses 
147-150 

substitute  diets  and  supplements 
185-187 

tritrophic  studies  196-198 
food  sprays  187 
footprint  semiochemicals,  aphid 
parasitoid  response  to 
455^56 

foraging  behaviour  213-214 
ants,  interaction  with  236-238 
first  instars  233 
indirect  factors  215-218 
diurnal  periodicity  218 
plant  structure  2 1 5-2 1 7 
plant  surface  2 1 7-2 1 8 
larger  scale  2 34-2  3 6 
oviposition  site,  finding  2 2 6-2  3 3 
research  progress  520-525 
senses,  role  of  218-226 
Forficula  auricularia  472 
Formica  379 
Formica  ohscuripes  380 
Formica polyctena  221,  380,  449 
Formica  rufa  449 
Formica  rufibarbis  236 


fourteen  spot  ladybird  see  Propylea 
quatuordecimpunctata 
foxglove  aphid  see  Aulacorthwn  solani 
French  bean  see  Phaseohts  vulgaris 
fruit,  damaged,  food  source  123 
fruit  tree  spider  mite  see 

Amphitetranychus  viennensis 
functional  response  204-207, 

471 

fungal  pathogens 

Flesperomyces  species  308-309, 
416-418 

Hypocreales  415^16 
Nosematidae  418-419 
fungal  spores,  food  source  180-184 

Galeruca  interrupta  arminiaca  167 
Galerucella  lineola  195 
Gakrucdla  pusilla  152 
garden  pea  see  Pisum  sativum 
garden  slug  see  Arion  hortensis 
garden  warbler  see  Sylvia  horin 
Galerucella  sagittariae  143,  190 
Galleria  mellonella  328 
gas  chromatography-mass 

spectrometry  (GC-MS)  448. 
456 

gean  or  wild  cherry  see  Prunus  avium 

gel  electrophoresis  34. 145, 478,  480 

Gelis  agilis  388 

Gelis  instabilis  see  Gelis  agilis 

Gelis  melanocephalus  388 

Gelis  388 

generalist  (euryphagous)  species 
150-152 

Adalia  hipunctata  153 
Coleomegilla  maculata  152-153 
Flarmonia  axyridis  153 
Flippodamia  species  1 54 
other  generalists  154 
role  in  biological  control  489.  490 
genetically  modified  (GM)  crops 
122-123,  505-506 
genetic  correlations  between  traits 
28-29 

genetic  markers  see  molecular  genetic 
markers  29 

genetic  studies  14,  43-44 
chromosomes  & cytology  14—18 
colour  pattern  variation  18-27 
future  research  521-522 
host  plant  use  by  phytophagous 
species  198-199 
inheritance  of  other  traits  27-29 
molecular  genetics  29-43 


Genista  167 
genome  size  4,  14 
Geocoris  punctipes  118 
geographic  variation 

in  colour  patterns  23-2  5 
diapause  expression  332 
latitude  and  ladybird  diversity 
114-115 

giant  bamboo  see  Dendrocalamus 
giganteus 

‘gin  traps’  357,377 
glacial  lady  beetle  see  Flippodamia 
glacialis 

glasshouse  potato  aphid  see 
Aulacorthwn  solani 
glasshouse  whitefiy  see  Trialeurodes 
vaporariorum 

glassy-winged  sharpshooter  see 
Homalodisca  vitripennis 
Glochidion  ferdinandi  183 
glossy  leaves,  biocontrol  504 
glucosinolates  165-166,  451-452 
glycogen  reserves,  diapause 
325-326 

glycosides  160,  162,  169,  241 
golden-eyed  lacewing  see  Chrysopa 
oculata 

golden  loosestrife  beetle  see  Galerucella 
pusilla 

gonads,  diapause/dormancy  317, 
321-322 

gorse  spider  mite  see  Tetranychus 
lintearius 

grain  aphid  see  Sitobion  avenae 
grains  of  paradise  see  Aframornum 
melegueta 

green  apple  aphid  see  Aphis  pomi 
green  citrus  aphid  see  Aphis  spiraecola 
green  coffee  scale  see  Coccus  viridis 
green  lacewing  see  Chrysoperla  carnea 
green  shield  scale  see  Pulvinaria  psidii 
greenbug  see  Schizaphis  graminum 
Gregarina  barbarara  420,421 
Gregarina  californica  420 
Gregarina  chilocori  420 
Gregarina  coccinellae  420 
Gregarina  dasguptai  420 
Gregarina  419,420.421 
Gregarina  fragilis  420 
Gregarina  hyashii  420 
Gregarina  katherina  420 
Gregarina  ruszkowskii  420 
Gregarina  straeleni  420 
gregariousness,  defensive  mechanism 
307-308,  357 
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grey  field  slug  see  Derocems  reticulatum 
grey  garden  slug  see  Dewceras 
reticulatum 
guilds  344 
spatial  344,  352,  363 
temporal  344-345,  352,  361, 

363 

thermal  344 

gustatory  sense  142,  226,  242 
gut  content  analysis  144-145, 
180-181,  478^81 

habitat  management  500-501,524 
floral  diversity,  non-crop  plants 
501 

intercropping  501-502 
reduced  tillage  502 
strip-harvesting  501 
habitat  preferences  and 

semiochemicals  457-458 
attractive  plants  458 
avoided  plants  458 
plant-plant  interactions  458 
plant  stand  traits  457-458 
role  of  plant  volatiles  457 
habitats  110-132 

artificial  substrates  as  75 
crops  126,  128-129,  130 
fragmentation  126-127,  234 
movement  among  2 3 4—2  3 6 
niches  128 

sampling  methods  1 1 1-114 
spatial  guild  partition  344 
switching  between  127 
trade-off  in  selection  of  357 
trees  129,  131,  132 
tropics  129,  132 
wild  herbs  129,  131 
hairs,  pupal  defence  76,  357,  456 
Hahniis  chah/heus  5 7 
Halyzia  hauseri  see  Macroilleis  hauseri 
Uahjzia  sanscrita  80 
Halyzia  sedecimguttata  39,131, 

392,  399 

Halyzia  straminea  80 
Halyzia  tscbitscherini  314 
Halyziini  tribe  6,  7 
hand-picking/hand-shaking,  sampling 
methods  112 

haricot  bean  see  Phaseolus  vulgaris 
harlequin  ladybird  see  Harmonia 
axyridis 

Harmonia  antipoda  392 
Harmonia  axyridis  21,  22,  32,  41. 
63,  80,  87.  93,  123, 


122-123,  129,  130,  132, 
149,  153,  155,  160.  161, 

168.  170.  171.  173. 

173-174.  175,  177.  182. 

185,  186.  193,  203.  205, 
207,  208,  209,  212.  223, 
228.  232,  295.  296-297. 
306.  310.  331.  349.  350. 

352,  354,  377,  386.  389, 
392.  397,  407.  412,  417, 
422.  457,  494,  495.  507- 
508,  532.  535 

alternative  food,  effect  on  egg  laying 
171 

artificial  diet  185.  186 
colour  pattern  variation  21-22, 
22,  23-24,  25,  27 
diapause  regulation  295-29 7 
displacing  native  ladybirds 
494^9  5 

dormancy  behaviour  310-311 
essential  foods  193 
flightless  strain  498 
food  consumption,  effect  on  growth 
207-208 

intraguild  predation  210,  350, 
351-352 

introduction  of  494 
invasion,  genetic  studies  40-41 
routes  4 1 

olfaction  222.223.224-225 
overall  predator  voracity  155 
oviposition  deterrence  229, 
231-232 
pest  status  49  5 

sperm  competition/paternity  studies 
42,  43 

survival  rates  of  larvae  fed  on 
aphids  147,  149 
top  predator  354 
trophic  egg  laying  173,  177 
unsuitable  aphid  diet  160-1 6 1 
vagility  234,  235 
vision  223-224 
wing  polymorphism  2 8 
Harmonia  hreiti  see  Harmonia 
expalliata 

Harmonia  conformis  154,  193,205, 
311.  393.407 
dormancy  behaviour  311 
Harmonia  dimidiata  80.  162,  193, 
205.  229.  230,  393 
Harmonia  eucharis  80.  407 
Harmonia  expalliata  407 
Harmonia  octomaculata  393 


Harmonia  quadripunctata  80,  151, 
393,  399,  412.  420,  423 
Harmonia  sedecimnotata  80.  193, 
297 

diapause  297-298 
Harmonia  yedoensis  63 
Harpalus pennsylvanicus  345,  347, 
472 

hatching  rate  68-69 

and  lifetime  fecundity  69 
and  mating  duration  82 
and  multiple  matings  82-83 
and  polyandry  83 
hatching  synchrony  56,  68-69 
hawthorn-parsnip  aphid  see  Dysaphis 
crataegi 

hawthorn  spider  mite  see 

Arnphitetranychus  viennensis 
hazel  aphid  or  filbert  aphid  see 
Myzocallis  coryli 
heather  ladybird  see  Chilocorus 
hipustulatus 

Helianthus  animus  499,499,  535 
Helicobia  rapax  385 
Helicoverpa  armigera  1 70,  478, 

202 

Helicoverpa  zea  1 70,  182,  202,  477, 
502 

Heliothis  virescens  152,477 
helmet  scale  see  Saissetia  coffeae 
Hemaenasioidea  see  Homalotylus 
Hemherlesia  lataniae  60 
hemipterans  (non-aphid)  as  prey 
174-175 

hemiptera-tending  ants  379-382 
Hemisarcoptes  411 
Hemisarcoptes  cooremani  347,  412 
hemlock  woolly  adelgid  see  Adelges 
tsugae 

Henosepilachna  argiis  56 
Henosepiladma  bifasciata  412 
Henosepilachna  boisduvali  7 6 
Henosepilachna  dodecastigma  80 
Henosepilachna  elaterii  21.  22.  198, 
387,  412 

Henosepilachna  guttatopustulata  400 
Henosepilachna  indica  80 
Henosepilachna  niponica  85-86,  232, 
332,  404,  405,  427 
Henosepilachna  ocellata  80,  400 
Henosepilachna  processa  80 
Henosepilachna  pusillanima  76,  80 
Henosepilachna pustulosa  42,  405, 
420,  427 

Henosepilachna  septima  42  7 
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Henosepilachna  species  198,  199 
Hmosepilachna  sumhana  64 
Hmosepilachna  vigintioctomaculata 
19.  19.  80.  85.  400.  404. 
405,  416.  421.  427.  427 
Henosepilachm  vigintloctopunctata 

64,  80.  80.  199.  384,  386. 
388.  399.  400.  405.  410. 
412,  427.  427 

Hmosepilachna  vigintisexpunctata 
384,  411 

Henosepilachna  ijasutornii  85,  198, 
427 

herbaceous  stands  128 
sampling  from  112 
wild  herbs  129.131 
herbivore-stressed  plants,  volatiles 
released  from  450,  459 
heritability  studies  28-29 
Hesperomijces  chilomenis  417 
Hesperomijces  coccinellokles  418 
Hesperomijces  hyperaspidis  402-403, 
417 

Hesperomyces  species  84,308, 
416^18,  417.  418 
Hesperomijces  virescens  84,  308, 

416 

Heteropsylla  cuhana  192,  217,  223 
heterospecific  aggregations  308 
Hexamermis  415 
hibernation  276 

see  also  diapause/dormancy 
mating  frequency  and  longevity 
91 

movements  prior  to  127 
mycophagous  and  phytophagous 
species  316 
refuges  500 
second  90 
Hibiscus  345.  496 
hieroglyphic  ladybird  see  Coccinella 
hieroglyphica 

Hippodamia  arctica  393 
Hippodamia  caseyi  316 
Hippodamia  convergens  22.  29.  64, 
93.  123-125.  130.  132,  149. 
156,  173-174.  186,  193, 
207,  231.  234,  292.  303, 

305,  306-308.  314-315. 

316.  387.  393.  396.  397, 
412.  417.  420.  491.  499. 
503.  507-508.  535 
aggregation,  olfactory  cues  307 
artificial  diet  186 
assassin  bug  preying  on  491 


biological  control,  use  in  490, 
492.  497 

consumption  of  mummies  173 
diapause  regulation  292 
drinking  extra-floral  nectar  499 
egg  masses  laid  231 
essential  foods  193 
food  deprivation  207 
frequency  of  short  flights  234 
migration  and  aggregation 
314-316 

redistribution  of  overwintering 
496-497 

survival  rates  of  larvae  fed  on 
aphids  147,  149 
total  egg  production  as  function  of 
food  provisioning  156 
Hippodamia  glacialis  130 
Hippodamia  parenthesis  130.  132, 
193,  306.  308.  393, 

397 

Hippodamia  quinquesignata  22,  193. 
316.  422,  423 
diapause  behaviour  316 
subnivean  hibernator  329 
Hippodamia  septemmaculata  80 
Hippodamia  sinuata  22.  130.  132. 
193,  420 

Hippodamia  tredecimpimctata  25,  26, 
64,  80.  125.  129-130,  151. 
193.  292,  306,  308.  378. 
389,  393.  420 
diapause  regulation  292 
Hippodamia  variegata  20.  23,  24,  25. 
33,  36,  40,  64,  77,  80,  87. 
90,  117,  121,  121.  126-129, 
129,  130-131.  145,  146, 
151.  162,  170.  177.  194. 
211.  235.  307.  309,  312, 
330.  353,  360.  377.  378. 

386,  389.  393,  398-399, 
414.415,420,423,478, 

493 

hippodamine  448,  449,  456 
Hippolais  icterina  379 
Hirimdo  riistica  379 
hogbralce  see  Ambrosia  artemisiifolia 
Homalodisca  vitripennis  480 
Homalotyloidea  dahlbomii  387 
Homalotylus  affinis  383-384,  386- 

387.  399-400 

Homalotylus  africanus  383-384, 
386-387,  399-400 
Homalotylus  agarwali  383-384, 
386-387,  399-400 


Homalotylus  albiclavatus  383-384. 

386-387.  399-400 
Homalotylus  albifrons  383-384. 

386-387.  399-400 
Homalotylus  albitarsus  383-384, 
386-387.  399-400 
Homalotylus  aligarhensis  383-384. 

386-387.  399-400 
Homalotylus  halchanensis  383-384, 
387,  399^00 

Homalotylus  brevicauda  391,  396, 
400,  402^03 
Homalotylus  californicus  see 

Homalotylus  terminalis 
Homalotylus  cockerelli  391,  396, 
400,  402^03 

Homalotylus  ephippium  383-384, 
387,  399-400 

Homalotylus  eytelweinii  383-384, 
387,  399-400 

Homalotylus  ferrierei  3 9 9-400 
Homalotylus  flaminius  383-384, 
387.  399-400 

Homalotylus  formosus  383-384, 
387.  399-400 

Homalotylus  hemipterinus  383-384, 
387.  399-400 

Homalotylus  himalayensis  469 
Homalotylus  hybridus  400 
Homalotylus  hyperaspicola  406 
Homalotylus  hyperaspidis  391,  396, 
400,  402^03 

Homalotylus  hypnos  388-389. 

391,  400-401,  402-404, 
428 

Homalotylus  indicus  399^00 
Homalotylus  latipes  399,  400, 

409 

Homalotylus  longicaudus  383-384, 
387.  399-400 

Homalotylus  longipedicellus  402 
Homalotylus  383-384,  386-387. 
399-400 

Homalotylus  mexicanus  391,  396, 
400,  402^03 
Homalotylus  mirabilis  400 
Homalotylus  mundus  383-384, 

387,  399-400 

Homalotylus  nigricornis  383-384, 
387,  399-400 

Homalotylus  oculatus  399—400, 

409 

Homalotylus  pallentipes  391,  396, 
400,  402-403 

Homalotylus  platynaspidis  400 
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Homalotijlus  punctifrons  391,  396, 
4Q0,  402-403 

Homalotijlus  quayld  391,  396,400, 

402  403 

Homalotijlus  ruhricatus  383-384, 
387,  399-400 

Homalotijlus  scutellaris  383-384, 
387,  399-400 

Homalotijlus  scymnivorus  406 
Homalotijlus  shuvakhinae  400^01, 

402 

Homalotijlus  similis  405 
Homalotijlus  sinensis  383-384, 
387,  399-400 
Homalotijlus  singularis  400 
Homalotijlus  sp.  400-40 1 , 
402-403,  404 

Homalotijlus  terminalis  383-384, 
387,  399-400 

Homalotijlus  trisubalhus  383-384, 
387,  399-400 

Homalotijlus  turkmenicus  401 
Homalotijlus  vicinus  381 
Homalotijlus  ywmanensis  383-384, 
387,  399-400 

Homalotijlus  zhaoi  383-384,  387, 
399-400 
honeydew 

arrestant  effects  120,  222 
cardenolides  in  162 
and  old  prey  colony  227-228 
honeydew  producers,  ant  attendance 
236,  237,  359,  362, 
379-382,  502-503 
honeysuckle  see  Lonicera 
peridymenurn 

hop  powdery  mildew  see  Sphaerotheca 
castagnei 
host  plants 

age,  effects  of  122,228,294 
chemical  cues/stimuli  120, 
199-200,  224-226 
co-existence  of  several  ladybird 
species  121-122 
food  of  herbivorous  Coccinellidae 
198-200 

genetically  modified  122-123 
microclimate  effect  124-125 
preference  for  type  120-121 
resistance  169,  200,  524-525 
structure  2 1 5-2 1 7 
surface  123-124,217-218 
house  martin  see  Delichon  urbica 
house  sparrow  see  Passer  domesticus 
Howardula  414 


humidity 

and  food  consumption 
203-204 

and  hatching  rate  68 
longevity  effect  9 1 
hump  earwig  see  Anechura  harmandi 
Hyaliodes  vitripennis  207,353 
Hyalopterus  pruni  58-59,  63,  66, 
91,  147,  147,  153,  165-168, 
188,  190-191,  193,  236, 
241,  252,  267 
hybridization  8 5 
hybrid  sterility  17-18 
hydrocarbons  on  elytra  454 
hydroxamic  acid  DIMBOA  164 
Hypera  postlca  1 70,  1 71-1 72.  210, 
315,  490 

Hyperaspidini  tribe  10 
Hyperaspis  aestimabilis  387 
Hyperaspis  bigeminata  306 
Hyperaspis  binotata  132 
Hyperaspis  campestris  71,80 
Hyperaspis  congressis  see  Hyperaspis 
conviva 

Hyperaspis  conviva  380 
Hyperaspis  desertorwn  194 
Hyperaspis  lateralis  194,384 
Hyperaspis  notata  143,194, 

491 

Hyperaspis  pantherina  194 
Hyperaspis  raynevali  143,  194 
Hyperaspis  reppensis  80,  378,  380 
Hyperaspis  senegalensis  hottentotta 

143,  194 

Hyperaspis  senegalensis  143,  194, 
389 

Hyperaspis  sphaeridioides  126 
Hyperaspis  undidata  132,306 
Hyperomyzus  carduellinus  63,  193 
Hyperomyzus  lactiwae  154,  190 
hyperparasitoids  387-389 
Hyphantria  cunea  178,197 
Hypocreales,  fungal  pathogens 
415-416 

hypsotactic  orientation/responses 
302,  303,  305,  310 
hypsotactic  species  310-311 

Icerya  purchasi  165,167,172 
control  of  491,509 
icterine  warbler  see  Hippolais  icterina 
llleis  bielawsldi  405 
llleis  cincta  80,  393,  405 
llleis  galbula  155,  183,  297,  324 
diapause  297 


llleis  koebelei  200,  201 
diet  of  200,  201 
immigration  114,115,117,211, 
235 

immunolabelling  477^78 
impaction  traps  113 
inbreeding  studies  40 
Indian  hemp  see  Cannabis  sativa 
Indian  Mallow  see  Ahutilon  theophrasti 
Indian  ricegrass  see  Oryzopsis 
hymenoides 

induction  of  diapause  280-281, 
282-283,  287 

critical  photoperiod  290,291,299 
lack  of  food  293 
stage  sensitivity  289,  290 
industrial  melanism  25,26 
inheritance 

colour  patterns  20-23 
experimental  evidence  21-22 
life  history  characters  28-29 
wing  polymorphism  2 7-2  8 
Inkaka  quadridentata  385 
innate  capacity  for  increase, 

temperature  dependent  96 
insect  growth  regulators  (IGRs)  509 
insecticides  506-509 
insidious  flower  bug  see  Orius 
insidiosus 
instars  71-72 
and  body  size  73,  74,  150 
food  consumption  159 
foraging  of  first  23  3 
survival  when  fed  B.  hrassicae  166 
tolerance  to  extreme  temperatures 
96-97 

integrated  pest  management  (IPM) 
programmes  506 
insecticides  used  in  507-508 
integumentary  system 
pheromone  release  454 
pupal  defence  7 6 
intercropping,  ladybird  diversity 
501-502 

interguild  effects  362-363 
inter-simple  sequence  repeat  (ISSR) 
analysis  35,41^2 
interspecific  mating  8 5 
intraguild  interactions  344,  346 
ant-ladybird  interactions 
359-360 

biological  control  361-362 
commensalism  345,  347 
competition  347-349 
conservation  360-361 
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intraguild  interactions,  (continued) 
interguild  effects  362-363 
male-killing  bacteria  349 
mntnalism  345-347 
niche  partitioning  344-345 
intraguild  predation  (IGP)  172,  349 
and  biocontrol  361 
and  biocontrol  limits  490-491 
on  coccinellids  355,358-359 
defensive  mechanisms 
355-358 

coccinellids  as  predators 

benefits  to  coccinellids  350 
of  coccinellids  351-352 
general  rules  349-350 
hypotheses  350-351 
on  intragnild  parasitoids  353 
on  intragnild  pathogens  354 
of  non-coccinellids  352-353 
top  predators  3 54-3  5 5 
definitioir  of  349 
nitrogen  shortage  hypothesis  210 
vulnerability  to  350-351,355 
intrinsic  rate  of  population  increase 
89 

food  and  humidity  affecting  9 1 
temperature  sensitivity  9 6 
introductions  of  coccinellid  species 
115,  362 

aphidophagous  492-493 
coccidophagous  491^92 
competitive  displacement 
494^95 

invasive  species  493-494 
inundative  biological  control  362, 
498 

invasive  species  115,  360,  493-494 
genetic  diversity  studies  40^1 
invertebrate  predators  377-3 79 
Iridomijrmex  381 
Isaria  farinosa  415 
Isaria  fumosowsea  415-416 
Isodwrnus  niger  386 
isothiocyanates  165-166,225,452 
isozymes  analysis  34,  41 
Italiair  rye  grass  see  Lolium 
multiflonan 

ITS-1  (first  ribosomal  internal 

transcribed  spacer)  region, 
gene  sequencing  31-33 

jack  pine  budworm  see  Choristoneura 
pinus 

Japanese  ant  see  Lasius  japonicus 
Japanese  quail  see  Coturnix  japonicus 
Jaumvia  quadrinotata  80 


Juglans  cineren  152 
Junipenis  virginiana  120 
juvenile  hormone  (JH)  327-328 

kairomones  451 
kidney-spot  ladybird  see  Chilocoms 
renipustulatus 

kin  recognitioir,  semiochemicals 
448 

labial  palp,  chemoreception  223 
lacewings,  IGP  349,  352 
Laingia  psarnmae  191 
landscapes 

diversity  and  character  125-127 
landscape  scale  211 
larger  scale  foraging  234-2  3 6 
Lapsana  communis  180.  180 
larch  adelgid  see  Adelges  laricis 
larch  ladybird  see  Aphidecta  obliterata 
Laricobius  nigrinus  353,358 
larva(e)  71-73 

attachment  ability  218 
body  size  73 
consumption  of  178-179 
defence  356-357 
development  72-Ti 
instars  71-72 
mean  SCP  96 
morphology  71 
parasitization  of  391 
response  to  semiochemicals 
450-451 

larval  development 
aphidprey  158,159,163,168 
food  consumption/deprivation 
207-208 

larval  tracks,  oviposition  deterrence 
222,  229-233,  356.  454, 
456 

active  substances  in  455 
Lasius  daviger  380 
Lasius  japonicus  237 
Lasius  niger  85,236,380-381. 

404,  449,  503 
Lasius  umbratiis  380 
leaf-curling  plum  aphid  see 

Brachycaudus  helichrysi 
learned  response 

colour  perception  224,226 
intensive  search  220 
prey  selection  452^53 
leaves 

and  biological  control  504 
feeding  on  184—185,197 
Lecanicillium  lecanii  415 


Lecanicillium  longisporum  see 
Lecanicillium  lecanii 
Leis  dimidiata  see  Harmonia  dimidiata 
Leis  see  Harmonia 
Lemnia  biplagiata  see  Coelophora 
biplagiata 

lemon  grass  see  Cyrnbopogon  citratus 
Leontopodium  alpinwn  181 
Lepidaphycus  see  Homalotyliis 
lepidopterans  as  prey  169-170 
Lepidosaphes  beckii  168 
Lepidosaphes  cornutus  60 
Lepidosaphes  ulmi  167 
Leptinotarsa  deceinlineata  62,  144, 
152,  170,  192,  202,  205, 
326,  490 

Leptothea  galbula  see  Illeis  galbula 
Leptus  ignotus  411 
lesser  whitethroat  see  Sylvia  curruca 
Leucaena  217 
life  history  characters  5 5 
adult  76-91 
aphid  prey  effects  148 
egg  55-70 
inheritance  of  28-29 
larva  71-73 
pupa  73-76 
life  span  see  longevity 
life  tables  471-472 
lifetime  fecundity  58-67,88 
and  egg  hatching  rate  68,  69 
higher  for  once-mated  females  8 3 
temperature  effects  89 
light  traps,  sampling  114 
Ligustrum  183 
lime  aphid  see  Eucallipterus  tiliae 
Lindorus  lophanthae  36,  81,  94.  492 
Linepithema  humile  162,237,237 
Lioadaliajlavomaculata  194,  393 
Liosomaphis  herberidis  5 8 
Lipaphis  pseudohrassicae  59,  61,  68, 
88,  91,  147,  164,  168, 
190-195.  207 
lipids,  diapause  323-325 
little  black  ant  see  Monornorium 
minimum 

local  faunas  114 

climatic  changes  115-116 
geographic  differences  114—115 
invasion  and  extinction  115 
location  of  communities, 

determinants  of  116 
host  plant  120-124 
landscape  125-127 
microclimate  124-125 
prey  116-120 
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LoUum  multiflonim  183 

Lolium  perenne  123.  183,  183-184 

longevity 

food  affecting  9 1 
sexual  activity  affecting  83,91 
temperature  effects  88,  89, 
90-91.  96 
voltinism  90 

Longiunguis  donacis  see  Melanaphis 
donacis 

Lonicera  peridymeniim  120 
lower  development  threshold  (LDT) 

92 

for  pre-imaginal  development  92, 

93-94 

relationship  with  SET  92,  95 
thermal  window  9 5 
lupin  aphid  see  Macrosiphum 
alhifwns 

Lupirms  luteiis  163 
Lupirms  mutahilis  163 
Luscinia  luscinia  379 
Luscinia  svecica  379 
luteolin  7-0-glucoside  199-200 
Lijdinohjddla  metallica  385,  387 
Lygocerus  see  Dendrocerus 
Lijgus  475,  477,  504 
Lygus  hesperus  477 
Lygus  lineolaris  475 
Lypha  slossonae  see  Chrysotachina 
slossonae 

Lysiphlehus  fabarwn  171,  353 
Lysiphkbus  testaceipes  173,  353, 
504 

Maconellicoccus  hirsutus  192.  496 
Macroilkis  hausen  194 
Macwnaeinia  hauseri  393 
Macrosiphoniella  artemisiae  58.  191, 
194 

Macrosiphoniella  sanborni  191 
Macrosiphum  albifrons  163 
toxicity  163 

Macrosiphum  euphorbiae  118,  174, 
205.  224,  468 

Macrosiphum  iharae  see  Sitobion  ibarae 
Macrosiphum  rosae  153,  188,  193, 
497 

maize  (corn  in  USA)  see  Zea  mays 
malaise  traps  113-114 
male  gonads,  diapause  321-323 
male-killing  bacteria  349,421 
diversity  of  421,  422-423 
evolutionary  dynamics  423^24 
evolutionary  implications 
424-425 


evolutionary  rationale  423 
molecular  genetic  studies  29-31 
phylogenetic  studies  38,  39 
and  sibling  cannibalism  176 
male  size  78 

and  female  mating  preference 
84-85 

pupal  stage  7 5 
Maluspumila  120 
mandibles  241 

Tytthaspis  sedecimpunctata  183, 
200 

Manihot  esculenta  169.169 
Manikara  zapota  496 
mark-recapture  method,  sampling 
114,  522 

marmalade  hover  fly  see  Episyrphus 
balteatus 
mating(s) 

duration  82-83,  84 
frequency  82-83 
and  fecundity  8 8 
and  longevity  9 1 
genetic  studies  42-43 
hybridization  8 5 
male  selection  83-85 
inbreeding  studies  40 
and  melanism  83-85 

advantage  for  melanic  morphs 
26-27 

female  choice  83-85 
multiple  68 
preference  84 
prior  to  dispersal  309,  322 
refractory  periods  77 
refusal  to  mate  8 3 
semiochemicals  implicated  in 
antennae  chemoreceptors 

453 

glands,  pheromone  release 

454 

hydrocarbons  on  elytra  454 
sex  pheromones  453 
sperm  competition  8 3 
willingness  82 
Matsucoccus  feytaudi  222 
Matsucoccus  josephi  189 
Matsucoccus  matsumurae  222,  451 
maxillary  palps 

perception  of  larval  chemical 
marker  222,  223,  226 
prey  contact  and  recognition 
223 

meadow  pipit  see  Anthus  pratensis 
meadow  spittlebug  see  Philaenus 
spumarius 


mealy  plum  aphid  see  Hyalopterus 
pruni 

mealybug  destroyer  see  Cryptolaemus 
montrouzieri 

mealybugs  (Pseudococcidae)  169, 
222,  237 

biological  control  of  496,503 
Medicago  sativa  alfalfa  (or  often 

lucerne  in  UK)  197,  501 
Medina  collaris  3 84-3  8 5 
Medina  funebris  384-385 
Medina  luctuosa  386 
Medina  melania  384-385 
Medina  separata  3 84-3  8 5 
Mediterranean  flour  moth  see  Ephestia 
kuehniella 

Megalocaria  dilatata  57,  64.  80,  85, 
194,  382 
Megaselia  385 
Megoura  viciae  119,  145,  161, 
162-163,  164,  168,  191, 

193 

Melanaphis  donacis  191 
Melanaspis  glomerata  60 
melanic  (dark)  morphs 
environmental  conditions 
23-27 

inheritance  19-23 
mating  advantage  2 6-2  7,42 
melanism 

and  mate  preference  83-85 
melanization  extent,  pupae  76 
winter  survival,  effect  on 
331-332 

Melanocorypha  calandra  379 
Melasoma  populi  see  Chrysomela  populi 
melegueta  pepper  see  Aframomum 
melegueta 

Melolontha  sp.  302 
melon  aphid  see  Aphis  gossypii 
Mendozaniella  see  Homalotylus 
Menochilus  quadriplagiatus  see 
Menochilus  sexmaculatus 
Menochilus  sexmaculatus  64,  68,  70, 
75.  78.  80,  82,  83,  86,  90, 

91,  117,  118,  123,  146,  147. 
163,  174.  176,  178,  179, 

183,  186,  210,  215,  228. 

229,  231,  356,  389,  393, 
405,  405.  405,  410,  414, 

421,  423.  424,  425,  446, 

455,  507.  508 
essential  foods  194 
and  first  chemically  defined  ODS 
231,  232 

oviposition  228-229 
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Mercurialis  annua  183 
Merismoclea  rojasi  385.405 
Mermis  414,  415 
Mermithidae  415 
meroistic  telotrophic  ovarioles  78 
Mesopolobus  secundus  406 
Mesopolobus  385-386, 406 
Mestocharis  lividus  see  Pediobius 
foveolatus 

metabolic  changes  related  to  diapause 
glycogen  325-326 
lipids  323-325 
metabolic  rate  326-327 
water  326 

metallic  blue  lady  beetle  see  Curirms 
coendeus 

Metarhizium  anisopliae  415,498 
Metastenus  caliginosus  406 
Metastenus  concinnus  383.  405^06 
Metastenus  indicus  402.406 
Metastenus  species  (parasitoids) 
405^06 

Metastenus  sulcatus  405 
Metastenus  townsendi  384.  405^06 
Metastenus  405 

Metatetranychus  uhni  see  Panonychus 
ulmi 

methionine  155 
methylalkylpyrazines,  reflex  blood 
377 

methyl  linolenate  452 
methyl  salicylate  225,  448,  450 
methyl  tricosane  448.454 
Metopolopbium  dirhodum  147,  156, 
159,  191.  195 

Metopolopbium  festucae  475,  475 
mexican  bean  beetle  see  Epilacbna 
varivestis 

Micraspis  allardi  80 

Micmspis  discolor  64,  68,  88,  147. 

194.  393.  507 
microarray  chips,  species 
identification  3 6 
microclimate  124-125 
Microctonus  394 
microhabitats  233 
Microlophium  carnosum  58.  145, 
150,  153.  153,  188. 
190-191.  213,  238 
micropyles,  egg  55,  55 
microsatellite  analysis  35,  36,  40,  43 
Microsphaera  alphitoides  184.  200 
Microsphaera  pulchra  201 
microsporidia  418-419 
Microweisea  sp.  384 


Microweiseinae  basal  subfamily  4,  5 
Microweiseini  tribe  5 
middle  spotted  woodpecker  see 
Dendrocopos  medius 
migration  302-303 
Mindarus  abietinus  189,471 
Misumenops  tricuspidatus  358,  361 
mites 

Coccipolipus  411-414 
commensalism  345 
intraguild  predators  353 
phoretic  411 

mitochondrial  DNA  (mtDNA) 

29-31.  36,  37 

mixed  and  combined  diets  1 5 5-1 5 7 
complementation  across  life  stages 
156-157 

prey  specialization  through 
selection  157 
prey  switching  157 
mixed  plant  stands,  arresting  effect 
458 

modifier  genes,  colour  pattern 
variation  22-23 
molecular  genetic  markers  29 
isozymes  for  delimiting  cryptic 
species  41 

ISSR.  sperm  competition  41-42 
mitochondrial  DNA  (mtDNA) 
29-31 

species-specific  3 3-3  7 
studies  using  34—35 
molecular  genetic  studies  4-5,  29 
future  research  in  521-522 
gut-content  analyses  144-145, 
358,  478-481,  524 
paternity  and  sperm  competition 
42-43 

phylogenetic  studies  37-38 
population  genetic  & 

phylogeographic  studies 
38-42 

sequence  evolution  29-33 
species  identification  3 3-3  7 
Momordica  charantia  410 
monarch  butterfly  see  Danaus 
plexippus 

Monocorynini  tribe  9 
Monomorium  minimum  237 
Monophlebulus pilosior  195,  242 
monophyly 

Coccinellidae  family  2-3 
other  subfamilies  4 
of  six  subfamilies  3 
rejection  of  5 


morello  cherry  or  amarelle  cherry  see 
Primus  cerasus 
morphology 
egg  55-56 
inheritance 

colour  patterns  19-27 
wing  polymorphism  2 7-2  8 
larva  71 
pupa  74-75 
mortality 

after  consumption  of  sinigrin  166 
eggs  used  as  diet  170,  1 73 
embryonic  8 5 

larvae  fed  on  aphids  143.  145 
risk  in  newly  hatched  first  instars 
233 

stage  specific  72 
temperature  extremes  9 6-9  7 
toxic  and  rejected  prey  1 5 8-1 6 7 
unsuitable  host  plants  200 
Morus  australis  201 
‘mosaic  dominance’ hypothesis  23 
Motacilla  flava  379 
moulting  of  larva  70,71,72 
mullein  bug  see  Campylomma  verbasci 
Mullerian  mimicry  2 7 
Mulsantina  hudsonica  306 
Mulsantina  picta  122,130,132. 
344,  423 

multiple  allele  effect  22 
multi-species  aggregations/ 
combinations  308 
aphid  suppression  472^73 
multivoltinism  276 
A.  bipunctata  290,  314 
C.  septempunctata  281,283,284, 
286,  320 
Har.  axyridis  295 
Hip.  convergens  292 
potential  multivoltinism  286-287 
mummies,  feeding  on  171-172,173 
Muscicapa  striata  379 
mussel  scale  see  Lepidosaphes  ulmi 
mustard  aphid  see  Lipaphis 
pseudobrassicae 
mutual  interference  207 
mutualism  345-347,  350,  351 
ant  attendance  2 3 6-2  3 8 , 
379-382 

ants  and  honeydew  producers 
359,  362 
lacewings  352 
mycophagous  Coccinellidae 
food  of  200-201 
hibernation  316 
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Mijiopharus  dorijphorae  385 
myrmecophilous  ladybirds  360, 

380-382 

myrmecophily  449 
Myrmica  ruginodis  236 
Myrmka  rugulosa  381 
Myrrha  octodecimguttata  80,  122, 
128.  149,  151.  194,  304. 
308.  393,  399.  419,  420. 
421,  449 

dormancy,  responses  307 
hibernation  sites  314 
Myzia  ohlongoguttata  80,  129,  129, 
131.  151,  151.  314,  389. 
393.  399.  408 
Myzia  subvittata  132 
Myzocallis  boerneri  153,  188-189 
MyzocalUs  carpini  188 
Myzocallis  castanicola  153,  188 
Myzocallis  coryli  153,188-189 
Myzus  cerasi  147,  153,  153,  188. 
191 

Myzus persicae  58,  61-65,  68,  76, 
78,  87,  91,  117.  120,  143. 
145,  148,  156,  159.  162- 
163.  165,  165-166.  166. 

168.  168,  170-171.  179. 
188-194.  202,  205.  207. 
210,  222,  224,  236,  238. 

293.  450^51,  467-490, 

498 

Myzus  persicae  nicotianae  120,  191, 
202.  450 

Nabis  (Reduviolus)  americoferm  472 

natality  86,  87 

native  ladybirds,  competitive 

displacement  of  115,171. 
493.  494^95 
natural  enemies  3 7 6-42  8 

impact  on  populations  425^28 
parasites  and  pathogens  41 1^2  5 
parasitoids  383-411 
predation  376-382 
nectar,  feeding  on  180,183,215, 
499-500 

Neda  marginalis  407 
nematodes  414 
Allantonematidae  414 
Mermithidae  415 
Neoaenasioidea  see  Homalotylus 
Neoaulacortimm  magnoliae  160,  160. 
196 

Neoaulacorthum  nipponicum  241 
Neocalvia  anastomozans  407 


Neomyzus  circurnflexus  145,  188, 
238 

neonicotinoids.  insecticides 
506-509 

Neophyllaphis  podocarpi  191,  193 
Neotainania  see  Uga 
Neotyphodium  loin  123 
Nephaspis  oculatus  see  Clitostetims 
oculatus 

Nepims  bilucernarius  194,  503 
Nephus  bisignatus  89,  94,  96 
Nephus  flavifrons  132 
Nephus  guttulatus  384 
Nepims  includens  65,89.94, 

194 

Nepims  kiesenwetteri  389 
Nephus  oniatus  389 
Nephus  quadrimaculatus  314,  385, 
474 

Nephus  redtenbacheri  80 
Nepims  soudanensis  389 
Nerium  oleander  161-162,  446 
neuropterans,  IGP  352 
n-heptacosane  456 
ni  moth  see  Trichoplusia  ni 
niche  differentiation  128 
niche  overlap  229,  231 
niche  partitioning  344-345,472 
Nilaparvata  lugens  195 
nine-spotted  lady  beetle  see  Coccinella 
novernnotata 

nipplewort  see  Lapsana  communis 
Nitraria  200 

Nohrimus  see  Homalotylus  400 
non-fertile/non-hatching  eggs  68, 
69 

non-melanic  (light)  morphs  19 
balanced  selection  2 6 
female  preference  2 7 
paternity  and  sperm  competition 
studies  42 

non-myrmecophilous  coccinellid 
species,  ant  interaction 
359-360 

non-sibling  cannibalism  175 
egg  consumption  177-178 
kin  recognition  179 
larvae  consumption  178-179 
population  consequences  179 
northern  wheatear  see  Oenanthe 
oenanthe 

Nosema  coccinellae  4 1 8-4 1 9 
Noserna  epilachnae  418 
Nosema  henosepilachnae  418 
Nosema  hippodamiae  419 


Nosema  tracheophila  419 
Nosema  varivestis  418 
Nosematidae  (fungal  pathogens) 
418-119 

Nothoserphus  admirabilis  40  5 
Nothoserphus  aequalis  405 
Nothoserphus  afissae  404,405 
Nothoserphus  hoops  404,  405 
Nothoserphus  debilis  405 
Nothoserphus  epilachnae  418 
Nothoserphus  fuscipes  405 
Nothoserphus  mirabilis  404-405 
Nothoserphus  partitus  405 
Nothoserphus  scymni  384,  405 
Nothoserphus  species  (parasitoid) 

404,  405.  405 
Nothoserphus  townesi  405 
‘no-till’  agriculture  502,  503 
Noviini  tribe  8 

N-oxides,  Aphis  jacobaeae  163-164 
n-pentacosane  448,455,456 
n-tricosane  456 
numerical  response  88,466.471 
aggregative  204,  227, 
347-348 

additional  prey,  importance  of 
212-213 

modelling  of  211 
temporal  and  spatial  patterns 
211 

vegetation  influence  2 1 1-2 1 3 
nutrition 

food  suitability  145-147 
food  unsuitability  164 
intraguild  predation  210 
non-abundant  nutrient  concept 
154-155 

nutrients  in  egg  yolk  5 5 
plants  providing  196-197 
nutritional  IGP  hypothesis  351 
nutritional  induction  of  diapause 
292, 293-294 
Nysius  huttoni  476 

obligatory  diapause  276 
Oenanthe  oenanthe  379 
Oenopia  hillieti  80 
Oenopia  conglohata  23,  65,  80,  131, 
154,  195,  308,  314,  330, 
378.  393,  412,  413,  414. 
420 

Oenopia  kirhyi  80 
Oenopia  lyncea  65 
Oenopia  sexareata  8 1 
Oidium  monilioides  183,  200 
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oil  seed  rape  see  Bmsska  napus  subsp. 
oleifera 

oleander  aphid  see  Aphis  nerii 
oleander  aphids,  toxicity  162-163 
oleander  see  Nerium  oleander 
olfaction  224-226 
early  studies  220-222 
host  plant  odours  120 
olfactory  cues,  larval  response  to 
451-452 

perception  distance  222 
prey  odour  detection  119,  120 
receptors  in  aphidophagous  species 
223 

olfactometers  222,  223.  224,  225 
experiments  120,  450,  453,  458 
olive  scale  see  Saissetia  oleae 
Olla  abdominalis  see  Olla  v-nigrwn 
OUa  v-nigrmn  15,  20,  22,  65,  90, 
94.  96.  130,  132,  143,  149, 
163.  172.  173,  174-175. 
179.  185.  195,  235,  361. 
391.  393.  407.  408.  416, 
417.  507-508 

Omphale  epilachni  see  Chrysonotomyia 
appannai 
Omphale  386 

onion  thrips  or  tobacco  thrips  see 
Thrips  tabaci 
Onoclea  sensibilis  313 
oocytes  57,82,317-320 
Ooencyrtus  azul  384 
Ooencyrtus  hedfordi  384 
Ooencyrtus  camerounensis  384,  426 
Ooeneyrtus  distatus  387 
Ooeneyrtus  epilachnae  384 
Ooeneyrtus  epulus  see  Ooencyrtus 
camerounensis 

Ooencyrtus  polyphagus  387 
Ooencyrtus  puparum  384 
Ooencyrtus  sinis  384 
Oomyzus  409 
Oomyzus  mashhoodi  384 
Oomyzus  scaposus  384,  388-389, 
391.  408-409,  428 
Oomyzus  sempronius  386 
oosorption  82,  317 

food  restriction,  effect  of  209 
Ophelosia  bifasciata  385 
Ophelosia  crawfordi  388 
opportunistic  IGP  hypothesis  351 
optimum  temperature 
development  rate  92,97 
hatching  rate  68 
thermal  window  9 5 


orange  ladybird  see  Halyzia 
sedecimguttata 

Orcus  australasiae  205,384 
Orcus  chalybeus  see  Halmus  chalybeus 
Oricoruna  385 
Oricoruna  orientalis  385 
Orius  insidiosus  118,  358,  480 
Ortaliinae  subfamily  5,8,  8-9 
Ortaliini  tribe  8,  9 
Orthezia  urticae  194 
Oryzopsis  hymenoides  206 
Ostrinia  nuhilalis  152,  207,  358, 
480,  490 

Ouchterlony  plate  approach,  antibody 
analysis  476 
ovarian  development  82, 

317-321 
ovarioles  78-82 

and  cluster  size  57,82 
and  egg  weight  5 6 
and  female  weight  & size  78. 
79-81.  81 

overwintering  survival  308, 
328-331 

oviposition  85-88,  119 

alternative  foods,  effects  on  171 
animal  protein,  importance  of 
156 

deterrence  228-233,  454^56 
diurnal  periodicity  218,219 
effect  of  food  restriction  209 
essential  foods,  effect  on  146. 

187,  196 
period  86,  88 
place  85-86 
and  prey  stage  156,  157 
rate  86,  87 
peak  of  86 
rhythmicity  86 
sites,  search  for  226-228 
stimulated  by  host  plant  odours 
120 

substitute  diets  185-186 
substrates  8 5-8  6 
termination  of  117 
toxic  aphid,  negative  effect  on 

162 

trophic  egg  laying  177 
oviposition  deterrence  pheromones/ 
semiochemicals  117,  229, 
231,  356,  358,  454 
active  substances  in  larval  tracks 
455 

aphid  abundance  456 
species-specificity  45 4^  5 5 


oxygen  consumption,  diapause 
326-327 

oystershell  scale  see  Lepidosaphes  ulmi 

Pachyneuron  albutius  389 
Pachyneuron  altiscuta  389 
Pachyneuron  ehilocori  389 
Pachyneuron  concolor  see  Pachyneuron 
muscarum 

Pachyneuron  muscarum  389 
Pachyneuron  siculum  see 
Pachyneuron  solitarium  389 
Pachyneuron  syrphi  see  Pachyneuron 
albutius 

Pachyneuron  389 
Paecilomyces  farinosus  see  Isaria 
farinosa 

Paecilomyces  fumosoroseus  see  Isaria 
fumosorosea 
Paederia  foetida  241 
pair  formation  84 
Palaeoneda  auriculata  81 
Paleoneda  miniata  see  Palaeoneda 
auriculata 

Pandora  neoaphidis  354 
Pania  luteopustulala  81 
Panonychus  mori  67 
Panonychus  ulmi  152,  167 
Parachrysocharis  386 
Paradexodes  epilachnae  see 

Euthelyconychia  epilachnae 
Paranaemia  vittigera  195 
parasitic  mites,  Coccipolipus 
411-414 

Parasitilenchus  coccinellinae  414 
parasitization  390-391 
population  impact  of  426-428 
parasitized  aphids,  inferior  prey 
171-172,  173,  353 
parasitoids  88,  383 

ant  behaviour  towards  237,  360 
avoidance  of  coccinellid  tracks 
232 

general  characteristics  390-391 
intraguild 

ants  attacking  360 
coccinellids  preying  on  353 
predation  on  coccinellids  by 
358 

primary  383-386 
review  of  important  parasitoids 
391-411 

Cowperia  399.  401,  401 
Dinoeampus  coccinellae  3 9 1-3  9 9 
Homalotylus  400-404 
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review  of  important  parasitoids, 
(continued) 

Metastenus  405^06 
Nothoserphus  404-40 5 
Oornyzus  scaposus  408^09 
Pediohius  foveolatus  409-411 
Phalacrotophora  406-408 
Ugn  species  399,400 
secondary  387-389 
semiochemical  attraction  449 
Parastethorus  nigripes  195 
Pamtrechina  381 

parenthesis  lady  beetle  see  Hippodamia 
parenthesis 

Parexochomus  melanocephahts  313 
Parexochomus  nigromaculatus  89.  94, 
167 

Parexochomus  troberti  393.  412,  471 
Parexochomus  troberti  concavus  393. 
412 

Parlatoria  blanchardi  60.  195 
parsnip  see  Pastinaca  saliva 
Parus  major  376 
Passer  domesticus  377 
Passer  montanus  377,379 
Pastinaca  sativa  126 
paternity  studies  42-43 
pathogens 

bacteria  42 1-42  5 
fungal  415-419 
intraguild 

coccinellids  preying  on  354 
commensalism  345 
predation  on  coccinellids  by 
359 

nematodes  414-415 
protozoan  419-421 
PCR  see  polymerase  chain  reaction 
29.  145 

pea  aphid  see  Acyrthosiphon  pisum 
peach  or  nectarine  see  Primus  persica 
peach-potato  aphid  see  Myzus  persicae 
Pectinophora  gossypiella  63,  477 
Pediobius  amaurocoelus  388 
Pediobius  epilachnae  see  Pediobius 
foveolatus 

Pediobius  foveolatus  384.  388-389. 

391.  409-411,  418,  426 
Pediobius  mediopimctata  see  Pediobius 
foveolatus 

Pediobius  nishidai  3 84 
Pediobius  simiolus  see  Pediobius 
foveolatus 
Pediobius  409 
pentatomids,  IGP  358 


Pentilia  insidiosa  384 
Pentiliini  tribe  10 
percentage  fertility  68-69 
Perilitus  americanus  see  Dinocampus 
coccinellae 

Perilitus  coccinellae  see  Dinocampus 
coccinellae 

Perilitus  rutilus  394 
Perilitus  stuardoi  387,391 
Perilitus  terminatus  see  Dinocampus 
coccinellae 

periodicity  see  rhythmicity 
Periphyllus  californiensis  193 
Periphyllus  lyropictus  188 
Periphyllus  testudinaceus  153 
pest  control 

augmentation  495-498 
pesticides,  selective  use  506-509 
phagostimulants  452 
Phalacrotophora  berolinensis 

384-385.  406 

Phalacrotophora  beuki  384-385,  406 
Phalacrotophora  decimaculata 

384-385.  406 

Phalacrotophora  delageae  3 84—3  8 5 , 
406 

Phalacrotophora  75,  384,  391,  406. 

407,  408,  426,  428 
Phalacrotophora  fasciata  391 
Phalacrotophora  Indiana  3 84-3  8 5 . 
406 

Phalacrotophora  nedae  384—385. 

406 

Phalacrotophora  philaxyridis 
384-385.  406 
Phalacrotophora  quadrimaculata 

384-385.  406 

Pharoscynmus  anchorago  420, 

421 

Pharoscynmus  numidicus  388 
Pharoscynmus  ovoideus  388 
Phaseolus  vulgaris  126 
Pheidole  megacephala  362,503 
Phenacoccus  herreni  194 
Phenacoccus  madeirensis  192 
Phenacoccus  manihoti  169.  194. 

222,  404,  471 
phenotypic  plasticity  522 
pheromones  117,222,224,225, 
239.  240.  241,  454 
Philaenus  spumarius  47 b 
Phoenicococcus  marlatti  194 
Phoenicurus  ochruros  379 
Phoenicurus  phoenicurus  379 
phoretic  mites  345,411 


Phorodon  hurnuli  58.  188,  191 
photoperiodic  activation  277,281, 
282 

precocious  29  5 

photoperiodic  response  276,283, 
288-289,  295,  300 
photoperiods 

see  also  diapause/dormancy 
critical  276,  284,  290.  291,  298, 
299 

egg  cluster  size  5 7 
hatching  rate  68 
longevity  effects  90-91 
Phthorimaea  operculella  59 
Phygadeuon  subfuscus  388 
Phyllactinia  moricola  201 
Phyllaphis  fagi  153,188 
Phylloscopus  collybita  379 
Phylloscopus  trochilus  379 
Phylloxera  glabra  146,  195 
phylogenetic  studies  37-38 
phylogeny  5-10 
phylogeographic  studies  38^2 
Phymatosternus  lewisii  360.  381 
Physalis  alkekengi  199 
phytophagous  Coccinellidae 
food  of  198-200 
hibernation  316 
population  impact  of  natural 
enemies  426-428 
Picea  schrenkiana  314 
Pieris  rapae  170 
pine  ladybird  see  Exochonuis 
quadripustulatus 
Pineus  pini  188 
pink  bollworm  see  Pectinophora 
gossypiella 

pink  hibiscus  mealybug  see 

Maconellicoccus  hirsutus 
Pinnaspis  buxi  190 
Pinus  annandii  132 
Pinus  sylvestris  1 53,  449 
Pisonia  496 
Pisum  sativum  124,  124 
Pittosporum  tobira  227,228 
Plagiodera  versicolora  197.197 
Planococcus  citri  65.  167.  192.  222, 
496 

Planococcus  minor  59,189 
plant  antibiosis  504-505 
plants 

see  also  crops;  host  plants 
spatial  guild  partition  344 
plant  stress  457,458 
plant  structure  215-217.504 
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plant  surfaces  123-124,  217-218 
plant  volatiles 

avoidance  of  458 
conservation  499 
herbivore-induced  449-450 
larval  response  450-451 
link  to  patch  preference  457 
receptors  for  food-related  450 
related  to  aphid  density  456 
Platynaspidini  tribe  8,  9,  10 
Platynaspis  luteoruhra  55,  81,  131, 
237,  241,  381,  404 
Platynus  dorsalis  404 
Pleurotropis  see  Pediobius 
plum  powdery  mildew  see  Podosphaera 
tridactyla 

Plutella  xylostella  124,  170,  504 
Pnigalio  agraules  386 
Podisus  maculiventris  145,  354,  354, 
532 

Podosphaera  kucotricha  194,  200 
Podosphaera  tridactyla  201 
poisoning  by  toxic  aphids 
157-165 

Policheta  unicolor  385 
polished  lady  beetle  see  Cycloneda 
niunda 

pollen,  supplementary/ alternative 
food  123,  180-184 
pollinivory  152,  180-182,  185, 

200,  282 

pollution  and  melanic  morphs  24, 
25,  26 

polyandry  93 

polyazamacrolide  alkaloids  456 
pupal  defence  7 6 
polyclonal  antibodies,  trophic 

relationships  474-477 
polymerase  chain  reaction  (PCR)  29, 
145 

gut-content  analysis  478-481 
species  identification  35,36 
polyphagous  (euryphagous)  species  see 
generalist  species  1 50-1 54 
polyvoltine  (multivoltine)  species  90 
poplar  leaf  beetle  see  Chrysomela 
populi 

population  density 
and  fecundity  88 
and  larval  development  73 
population  genetic  studies  3 8^2 
populations  of  ladybirds,  impact  of 
natural  enemies  42  5-42  8 
Populus  313 


Poriini  tribe  9 

post-mortem  analysis  of  predation 
474 

antibody-based  474-477 
prey-specific  DNA  detection 
478-481 

protein  marking  4 7 7^  78 
post-oviposition  period  8 6 
potato  aphid  see  Macrosipimm 
euphorbiae 

potato  ladybird  see  Epilaclma  dregei 
potato  see  Solanum  tuberosum 
potato  tuber  moth  see  Phthorimaea 
operculella 

powdered  food,  preference  for  152 
powdery  mildew  see  Erysiphe  polygoni 
Praonvolucre  455-456 
precipitin  test,  predation  analysis 
474,  475 

precoccinelline  446, 449 
predation  376-382 

see  also  intraguild  predation  (IGP) 
anti-predator  defences  3 76-3  7 7 
chemical  protection  against  56, 
76 

hemiptera-tending  ants  379-382 
post-mortem  analysis  474 
antibody-based  474-477 
prey-specific  DNA  detection 
478-481 

protein  marking  477-478 
social  aphids  with  a soldier  caste 
382 

studies  quantifying  524 
traditional  study  of  impact 
468-469 

cage  inclusion  4 7 0^  7 1 
field  cages  469-470 
manual  removal  471 
selective  exclusion  469 
predator  facilitation  345 
and  biocontrol  361-362 
predators  of  coccinellids 
ants  379 
invertebrate  377 
vertebrate  377 
pre-diapause  phase  301-302 
preferential  mating  8 3-8  5 
pre-oviposition  period  77-78 
prepupal  stage  73-74 
prey  116 

see  also  food,  see  also  aphids 
age,  effect  on  oviposition 
227-228 


alternative  146,  147,  150,  171, 
180,  187,  214,  242 
ant-attended  360 
anti-predator  defences  117-118 
essential  146,  158,  162,  172, 
188-195 

preference  118-119 
quantifying  coccinellid  impact 

466- 467 

assays  of  consumption 

467- 468 

complex  communities 
472-474 

indirect  impacts  468 
post-mortem  analysis  474-481 
statistical  approaches  471-472 
traditional  approaches 

468- 471 

prey  abundance  see  aphid  abundance/ 
density 

prey  alarm  pheromones  451 
prey  capture  2 3 8-2  4 1 
prey  choice  niches  128 
prey  contact 

approach  direction  239 
intensive  search  behaviour  220, 

221 

by  maxillary  palps  223 
prey  density 

aggregative  numerical  response 
211 

aphid  infestation  2 2 7-2  2 8 
effect  on  fecundity  88 
functional  response,  consumption 
204-207 

and  ladybird  vagility  23 4-2  3 6 
minimum  threshold  117 
and  oviposition  activity  456 
prey  size-density  hypothesis 
147-150 

risk  to  larvae  of  low  233 
prey  discovery,  quantifying  471 
prey  handling,  associative  learning 
452-453 

prey-induced  plant  chemicals, 

attraction  to  120,21 8-2  2 6 
prey  preference  118-119 
prey  quality 

beneficial  effects  of  119 
and  larval  development  2 0 7-2 0 8 
■problematic'  prey  167-169 
rejected  prey  146,165-168 
toxic  prey  146,157-165,452 
prey  selection  153,  207 
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prey  sex  pheromones  451 
prey  size-density  hypothesis 
147-151 

prey  specialization  through  selection 
157 

prey  specificity  489^90,523 
prey  substitutes  169-175 
prey  suitability  144,  145-147, 

173 

prey  switching  157,  204,  206 
prey  toxicity  157-165,451-452 
primary  parasitoids  383-386.390 
Priscihnimus  litumtus  393 
Priscihrumus  uropygialis  81,  393 
Pristomijnnex  pungens  380,  419 
■problematic'  prey  167-169 
Prochiloneurus  aegyptiacus  387 
Prochiloneurus  nigriflagdlum  384 
prolegs,  prey  detection  223 
promiscuity  82 

Propylea  dissecta  65.  70,  70.  72,  94. 

148.  195.  205,  291 
Propylea  japonica  22.  39.  65-66. 
144.  158,  174.  195,  228, 
232.  393.  423 

Propylea  quatuordecimpunctata  151, 
180.  184,  195.  355 
diapause  regulation  291 
dispersal  from  dormancy  site 
309 

hibernation  behaviour  313,  321 
movement  on  plant  surfaces 

217 

seasonal  distribution  of  flights 

306 

protandry  7 7 
protection 
eggs  56,  85 
pupae  74,  76 

protective  IGF  hypothesis  3 50-3  5 1 
protein  marking,  post-mortem 

predation  analysis  477^78 
protein  supplements  187 
protogyny  77 

protozoan  pathogens  419-421 
Primus  avium  120 
Primus  cerasus  153 
Primus  persica  226 
Pseudebenia  epilachnae  384 
Pseudoazya  trinitatis  236,  384 
Pseudocatolaccus  386 
Pseudochermes  fraxini  192 
Pseudococcidae  (mealybugs)  169, 
222,  237 


Pseudoeoccus  cryptus  503 
Pseudococcus  maritimus  237 
Pseudococcus  viburni  237 
Pseudoregma  alexanderi  196 
Pseudoregma  hambucicola  194.  196, 
382 

Pseudoscyrnnus  kurohime  see 

Sasajiscymnus  kurohime 
Pseudoscyrnnus  tsugae  see 

Sasajiscymnus  tsugae 
Psylla  aini  59 
Psylla  jucunda  154,  193 
Psylla  rnali  59.154,189 
Psylla  ulmi  59 
Psylla  uncatoides  195 
psyllids  174 

Psyllobora  confluens  66,91 
Psyllobora  vigintiduopunctata  25,  81, 
131,  201,  312,  316,  393, 
399,  417 

Psyllobora  vigintimaculata  132,  200, 
306,  417.  418 
Pterocallis  alni  153,188 
Pterostichus  melanarius  479 
Pterostyrax  hispidus  198 
Puccinia  180.  183 
Pullus  auritus  see  Scymnus  auritiis 
Pullus  mediterraneus  see  Scymnus 
marinus 

Pullus  subvillosus  see  Scymnus 
subvillosus 

Pulvinaria  psidii  192,  496 
Pulvinaria  urbicola  496 
Pulvinaria  vitis  152 
pupa(e) 

colouration  7 6 
defence  76,  357 
mean  SCP  96 
morphology  74-75 
prepupal  stage  73-74 
protection,  chemical  defence  456 
thermal  melanism  7 6 
timing  of  pupation  7 5 
pupation  place  75-76 
Pyracantba  coccinea  201 
pyrazines  377,455 
Pyrrhalta  luteola  see  Xanthogaleruca 
luteola 

Pyrrhocoris  apterus  327 
pyrrolizidine  alkaloids  163-164. 
165.  445.  446 

Quadrastichus  ovulorum  385 
quail  see  Coturnix  coturnix 


quantitative  aspects,  food  relations 
201 

aggregative  numerical  response 
211-213 
food  consumption 
consumed  food,  conversion  and 
utilization  of  209-210 
effect  of  physical  factors 
202-204 

effect  of  prey  density:  functional 
response  204-207 
effects  on  growth  and 
reproduction  207-209 
Quercus  rubra  152 
quiescence  276,  277,  295 
quinolizidine  alkaloids  163 

radioimmunoassay,  vitellogenin 
synthesis  328 
radish  see  Raphanus  sativus 
ragwort  see  Senecio  jacobaea 
Random  Amplification  of  Polymorphic 
DNA(RAPD)  33,34,36 
Raphanus  sativus  121 
Rastrococcus  invadens  496 
Ravinia  errabunda  385 
red  cedar  see  Juniperus  virginiana 
red  imported  fire  ant  see  Solenopsis 
invicta 

red  oak  see  Quercus  rubra 
red  spider  mite  see  Panonychus  ulmi 
red-barbed  ant  see  Formica  rufibarhis 
red-capped  lark  see  Calandrella  cinerea 
red-headed  flycatcher  see  Ficedula 
parva 

redistribution  of  ladybirds,  biological 
control  496-497 
reflex  bleeding  376-377,  445 
chemical  substances  445-449 
enemies  and  competitors  449 
molecular  genetic  studies  29.  42 
refractory  period,  mating  77 
refuges 

hibernation  500 
landscape-scale  127 
regression  models  471 
rejected  prey  165-167 
relative  growth  rate  (RGR)  73 
release  of  coccinellids,  augmentation 
495-498 
reproduction 

and  food  consumption  208-209 
interaction  of  larval  and  adult  diet 
156-157 
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reproduction,  (continued) 
interspecific  8 5 
and  longevity  9 1 
net  reproduction  rate  89,96 
temperature,  effects  on  96 
reproductive  isolation 

cytogenetic  changes  16,18 
hybridization  8 5 
reproductive  output  90 
larval  diet  linked  to  78 
reproductive  rate  86,87 
net  reproductive  rate  89,  91, 

96 

reproductive  success  42-43 
research,  future  trends  521-525 
resilience,  univoltinisni  300 
resistant  host  plants  91,164, 

200 

and  blocontrol  504-506 
DIMBOA  in  wheat  1 64,  1 69 
effect  of  prey  feeding  on  169 
GM  crops  122-123 
respiration  rate  75,287,304,326, 
327 

Restriction  Fragment  Length 

Polymorphism  (RFLP)  analysis 
33,  34,  36 

Rhopalosiphummaidis  148,  154, 

168,  188,  212,  212, 

225-226 

Rhopalosiphum  padi  188 
rhythmicity 
eclosion  70 
hatching  69,  70 
mating  70,  82 
moulting  70 
oviposition  70,  86,  219 
pupation  70,  75 
Rhijzobius  litura  155,  183,  195, 

313.  387.  423.  424 
Rhijzobius  lophanthae  see  Lindorus 
lophanthae 

Rhijzobius  ventralis  195,  241 
ribosomal  DNA  (rDNA)  gene 

association  with  sex  chromosomes 
15 

ITSl  region  32 

Rickettsia  30-31,  30,  38,  39,  68, 
176,  421,  422-423,  424. 

424,  534 

Robinia  pseudoacacia  160 
Rodatus  major  195,  242,  381 
Rodolia  cardinalis  94.  154.  164,  167. 
172,  466,  491.  491,  508, 

509,  535 


Rodolia  fumida  385 
Rodolia  guerini  81 
Rodolia  iceryae  143,386 
Rodolia  occidentalis  385 
Rosa  multiflora  201 
rose  aphid  see  Macrosiphum  rosae 
rose-grain  aphid  see  Metopolophium 
dirhodum 

rose  powdery  mildew  see  Sphaerotheca 
pannosa 

rosy  apple  aphid  see  Dysaphis 
plantaginea 

rosy  leaf-curling  aphid  see  Dysaphis 
devecta 

Ruhus  occidentalis  313 
Russian  wheat  aphid  see  Diuraphis 
noxia 

rye  grass  see  Lolium  perenne 

Saccharoinyces  fragilis  120 
sagebrush  see  Artemisia  tridentata 
Saissetia  coffeae  190 
Saissetia  oleae  168,192.472 
Salix  153 

Sainhucus  nigra  153,  158,  160 
Sainhucus  racemosa  subsp.  sieholdiana 
160 

sameness 
rule  of  154-155 
sampling  methods  111-114,469, 
471,  522 

non-destructive  29 
quadrat  sampling  112 
sapodilla  see  Manikara  zapota 
Sarcophaga  helicis  see  Helicobia  rapax 
Sarcophaga  latisterna  see  Boettcheria 
latisterna 

Sarcophaga  reinhardii  see  Ravinia 
errabunda 

Sasajiscymnus  kurohime  241-242, 
382 

Sasajiscymnus  ningshanensis  see 
Scymnus  ningshanensis 
Sasajiscymnus  tsugae  66,  77,  94, 
195.  358,  471.  493 
Saxicola  ruhicola  379 
scale  insects,  biocontrol  491-492, 
496 

scarce  seven  spot  ladybird  see 
Coccinella  magnifica 

Schizaphis  graminum  157,497.  501, 
504 

Schizolachnus  pineti  189 
Schizolachnus  piniradiatae  122,  167 
Schizopepon  bryoniaefolius  198 


scotophase 
life  events  70 
oviposition  86,  299 
pupation  7 5 

Scots  pine  see  Pinus  sylvestris 
SCP  see  supercooling  point 
Scymnillini  tribe  10 
Scymninae  subfamily  5,  9-10 
Scymnlni  tribe  9,10 
Scynmodes  lividigaster  see  Apolinus 
lividigaster 

Scynmophagus  see  Metastenus 
Scynmophagus  mesnili  see  Metastenus 
concinnus 

Scymnus  (Nephus)  quadriinaculatiis  see 
Nephus  quadrimaculatus 
Scymnus  abietis  72,131 
Scymnus  aeneipennis  see  Zagloba 
aeneipennis 

Scymnus  apetzi  131,  383,  401, 

420 

Scymnus  ater  81 
Scymnus  auritus  128,  131.  146, 
195 

Scymnus  coccivora  195 
Scymnus  creperus  205 
Scymnus  dorcatomoides  405 
Scymnus  flavifrons  Blackburn 
(Australia)  132 

Scymnus  flavifrons  Melsheimer  (North 
America)  see  Nephus  flavifrons 
Scymnus  frontalis  66,  77,  81.  128, 

129.  131,  195,  330,  330. 
378,  505 

Scymnus  guttulatus  see  Nephus 
guttulatus 

Scymnus  haemorrhoidalis  81,  129 
Scymnus  hilaris  174 
Scymnus  hoffmanni  66,  85 
Scymnus  impexus  383 
Scymnus  interruptus  66.  81,  131, 
236,  380 

Scymnus  kiesenwetteri  see  Nephus 
kiesenwetteri 

Scymnus  lacustris  122,344 
Scymnus  levaillanti  66,  71,  88,  89. 

94.  195,  210 
Scymnus  loewii  130 
Scymnus  louisianae  55-56,  66, 
85-86.  87 

Scymnus  marginicollis  66,  121 
Scymnus  marinus  66.  94,  97,  195 
Scymnus  mediterraneus  see  Scymnus 
marinus 

Scymnus  morelleti  387 
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Scymnus  nigrinm  81,  122,  314, 

380,405 

Scymnus  ningshanensis  471,  493 
Scymnus  ormtus  see  Nephus  ornatus 
Scymnus  otohime  384 
Scymnus posticalis  196,  228,  228, 
360 

Scymnus  pyrochdlus  228,  229, 

356 

Scymnus  quadrillwn  389 
Scymnus  nihromaculatus  81,  131 
Scymnus  sinuanodulus  55,  55,  66, 

71,  74,  76,  90,  94,  196 
diapause  300 

Scymnus  smithianus  399,  401 
Scymnus  soudanmsis  389 
Scymnus  subvilhsus  66,  88,  89,  89, 
91,  94,  96,  131,  159,  196, 
241 

Scymnus  sutumlis  81,  129,  308, 

314 

Scymnus  syriacus  66,  94 
Scymnus  tardus  417 
searching  (foraging)  behaviour 
213-236 

intensive  211,214,220 
seasonal  changes 

in  frequency  of  colour  morphs  25, 
83-84 

and  thermal  properties  of  morphs 
26-27 

and  habitat  switching  127 
seasonal  cycles  of  crop  colonization  by 
coccinellids  503-504 
second  hibernation  90,321 
sedge  warbler  see  Acrocephalus 
schoenobaenus 
selection 

directional  28 

selective  exclusion,  predation  impact 
measure  469 

self-selection  model,  optimal  diets 
155 

Selvadiini  tribe  9,  10 
Semiadalia  undecimnotata  see 

Ceratomegilla  undecimnotata 
semiochemicals  214, 445 
aggregation  307 
aposematism  and  reflex  bleeding 
445-449 

egg  and  pupa  protection  456 
food-related  449-453 
future  challenges  459^60 
future  research  523-524 
habitat  preferences  4 5 7-4  5 8 


hibernation  and  aggregation  457 
mating  and  sex  pheromones 
453-454 

olfactory  response  to  22 4-2  2 6 
oviposition  454^56 
oviposition-deterring  229,  231 
Senecio  jacobaea  165,446 
sensitive  stage,  pupal  melanization 
76 

sensory  orientation/perception 
218-220,  226 

earlier  observations  220-222 
effect  of  encounter  220 
honeydew,  arrestant  222 
olfaction  224-226 
sensory  receptors  223 
vision  223-224 
septate  eugregarines  419-421 
sequence  evolution  29-33 
ITS-1  region  31-33 
mitochondrial  DNA  (nitDNA) 

29-31 

Serangiini  tribe  5 
Serangium  parcesetoswn  66,  72,  91, 
155,  196,  353,  416 
serological  assays  144,  145 
predator-prey  research  474-477 
seven  spot  ladybird  see  Coccinella 
septempunctata 
sex  determination  14-15 
sex  differences,  antennal  receptors 
453 

sex  pheromones 

prey  attractant  222,  224 
of  prey,  response  to  451 
promoting  coccinellid  mating 
453 

sex  ratio  77 
sexual  activity 

longevity,  effect  on  91 
of  melanic  forms  84 
sexual  maturation  76-77 
sexual  selection  2 7 
shifting  habitat  hypothesis  360 
Shirozuellini  tribe  6 
shrubs,  sampling  from  113 
sibling  egg  cannibalism  175-177, 
233 

Sidis  see  Nephus 
Sidnia  kinbergi  476 
Sigmoepilachna  indica  385-386 
Sinapisalba  58,  123,  165,  165-166. 
225,  452 

Singhikaliini  tribe  6 
sinigrin  451-452 


Siphoninus  phillyreae  60,  190 
Sitobion  akehiae  1 8 
Sitobion  avenae  61,77,88,116 
Sitobion  ibarae  193,  222,  451 
Sitona  discoideus  393 
Sitotroga  cerealella  63,169 
Sitta  europaea  153 
sixteen  spot  ladybird  see  Tytthaspis 
sedecimpunctata 
size 

see  also  body  size 
egg  56 

egg  clusters  56-68 
larval  instar  7 3 
sky  lark  see  Alauda  arvensis 
small  cabbage  white  butterfly  see 
Pieris  rapae 

smoke  pollution  and  melanism  2 6 
social  aphids,  soldier  caste  382 
soft  brown  scale  see  Coccus  hesperidum 
soft  green  scale  see  Coccus  viridis 
Solanum  japonense  198 
Solanum  nigrum  198,  199 
Solanum  tuberosum  198,  452 
Soknopsis  invicta  236,502 
Solidago  canadensis  126 
song  thrush  see  Turdus  philomelos 
Sospita  vigintiguttata  407 
southern  house  mosquito  see  Culex 
quinquefasciatus 

sowthistle  aphid  see  Hyperornyzus 
lactucae 

soybean  aphid  see  Aphis  glycines 
Spanish  broom  see  Spartium  junceum 
spartein  163,  167 
Spartium  junceum  167 
spatial  guild  partition  344 
spatial  matching,  predator-prey 
211 

spatial  niches  128 
specialist  species  142-143, 
150-152,  154 

non-abundant  nutrient  concept 
154-155 

role  in  biological  control  490 
speciation  16-18 
species  identification 

molecular  genetic  studies  33-37 
pupal  colouration  providing  7 6 
species  specific  chemistry 

oviposition  deterrence  substances 
454^55 

reflex  bleeding  substances 
448^49 

spermatheca  296,  318,  320 
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spermatophores  42  5 
nuptial  gift  83 
protein  source  173-174 
sperm  competition  42^3,83 
Sphaerotheca  castagnei  184,  2QO 
Sphaerotheca  cucurbitae  2Q0,  201 
Sphaerotheca  pannosa  200,  201 
spider-mite  destroyer  see  Stethoms 
punctum 

spiders  354,  358,  377-378,  449 
Spiladelpha  barovskii  kiritschenkoi  see 
Cemtornegilla  barovskii 
kiritschenkoi 

spined  soldier  bug  see  Podisiis 
maculiventris 
Spiraea  66 

spiraea  aphid  see  Aphis  spiraecola 
spiralling  whitefly  see  Aleurodicus 
dispersus 

Spiroplasmataceae  30.  30.  68.  176, 
421,  422,  424-425 
Spodoptera  litura  379 
spores,  fungal  180 

collection  of  by  larvae  183 
found  in  gut  180 
spot  pattern,  variation  in  19-20, 
20.  21-22,  22.  24.  25 
spotted  alfalfa  aphid  see  Therioaphis 
trifoUi 

spotted  flycatcher  see  Muscicapa 
striata 

spotted  lady  beetle  see  Coleomegilla 
maculata 

sprays  of  food  substitutes  187.  222, 
499 

spruce  aphid  see  Elatohium  abietinum 
squash  beetle  see  Epilachna  borealis 
squash  or  pumpkin  see  Cucurbita 
maxima 

starvation  202 

aphid  defensive  measures  causing 
241 

foraging  activity,  effect  on  218, 
221 

and  ovarian  development  78,  82 
pollen  feeding  preventing  181 
temporary,  effect  on  reproduction 
209 

statistical  approaches,  predation 
471^72 

steelblue  lady  beetle  see  Hahnus 
chahjbeus 

stenophagous  species  see  specialist 
species  154 


Stenotarsus  rotundas  (Endomychidae) 
276 

Stethorini  tribe  9-10 
Stethorus  bifidus  66.  196,  206,  206 
Stethoms  gilvifrons  67,  90,  96,  167, 
196,  498 

Stethorus  japonicus  67,  94,  187, 
196,  300 
diapause  300 

Stethorus  loxtoni  see  Parastethoriis 
nigripes 

Stethorus  madecassus  143 
Stethorus  picipes  see  Stethorus  punctum 
picipes 

Stethorus  punctillum  see  Stethorus 
pusillus 

Stethorus  punctum  145,  196.  218, 
224,  493 

Stethorus  punctum  picipes  143,  221, 
299.  450,  499 
diapause  299-300 
Stethorus  pusillus  56,  81.  82.  89. 

90,  94,  96,  131,  143,  167 
,183,  196,  217,  218,  299, 
313-314,  322,  353,  378, 
417,  418.  490,  493,  533 
Stethorus  species,  biocontrol  490 
Stethorus  tridens  196,  205 
Stethorus  vegans  490 
Sticholotidinae  subfamily 
characteristics  5-6 
division  of  3-4 
sticky  cards,  sampling  113 
stinging  nettle  see  Urtica  dioica 
strawberry  aphid  see  Chaetosiphon 
fragaefolii 

strawberry  bug  see  Calocoris 
norvegicus 

strip  cutting/harvesting  126,501 
striped  ladybird  see  Myzia 
oblongoguttata 

striped  mealybug  see  Eerrisia  virgata 
Strongygaster  triangulifera  386 
Sturnus  vulgaris  379 
Styrax  382 

Suhcoccinella  vigintiquatuorpunctata 

28,  39,  67,  76,  81,  312,  378. 
385-386.  389.  456 
subfamilies  (of  Coccinellidae) 
characteristics  of  5-10 
classification  changes  3-5 
parasitoids  of  390 
proposed  classification  5,  6 
subnivean  hibernators  328,329 


substitute  diets  185-187 
substitute  prey  169-1 8 5 
substrates 

foraging  (host  plant)  20 6-2  0 7 
oviposition  85-86,  119-120 
pupation  75-76 
sucrose,  alternative  diet  169-170, 
185,  222 

sugar  beet  and  garden  beet  see  Beta 
vulgaris 

sugar  cane  scale  see  Aulacaspis 
tegalensis 

sugar  cane  woolly  aphid  see 
Ceratovacuna  lanigera 
sugar  spraying  187,  222 
suitability  of  food/prey  144,  145- 
147,  173 

food  combinations  155,  156 
Sukunahikonini  tribe  5 
sulphur  dioxide  pollution  2 6 
sum  of  effective  temperatures  (SET) 

92 

relationship  with  LOT  92,  93-94. 
95 

teneral  pre-oviposition  period  96 
sunflower  see  Helianthus  annuiis 
sunshine  hours  and  melanism  2 6 
supercooling  point  (SCP)  96, 

328- 329 

outdoor  and  indoor  overwintering 
331 

supergenes  22 

supernumerary  (B)  chromosomes 
15-16 

supplementary  food  123 
supranivean  hibernators  328, 

329- 330 
survival 

on  aphid  prey  149,162 
on  artificial  diets  186 
hibernating  on  higher  ground 
305 

overwintering  308,  312, 
328-330,  331 
on  plant  foods  199 
and  temperature  extremes 
96-97 

swarms  235-236 
sweeping,  sampling  method  112 
sweet  orange  see  Citrus  sinensis 
swede  midge  see  Contarinia  nasturtii 
sycamore  aphid  see  Drepanosiphum 
platanoidis 

Sylvia  atricapilla  379 


Subject  index  559 


Sylvia  horin  379 
Sylvia  communis  379 
Sylvia  curruca  379 
Sylvia  riisoria  379 
Symphoricarpos  rivularis  120 
Symydohius  oblongus  143 
synchronization  of  hatching  56, 
68-69 

Synharmonia  conglobata  see  Oenopia 
conglobata 

Synona  obscura  405 
Synonycha  grandis  57.  67,  163,  196, 
382.498 

Syntomosphyrus  taprobanes  see 
Oomyzus  scaposus 
syrphid  larvae,  attack  by  358 
Syrphoctonus  tarsatorius  388 

Tachyporus  sp.  277,288 
take-off.  flight  behaviour  77.  304 
Tnlinum  triangulare  169 
Tamarix  200.  361,  470 
Tamarixia  radiata  361.470 
Tanacctum  vulgare  126 
Tandonia  budapestensis  477 
tansy  see  Tanacctum  vulgare 
Tapinoma  nigerrimwn  380 
Taraxacum  officinale  501 
tarnished  plant  bug  see  Lygus 
lineolaris 

Tasmanian  ladybird  see  Cleobora  mellyi 
tawny  pipit  see  Anthus  campestris 
tea  aphid  see  Toxoptera  aurantii 
Telsimiini  tribe  5.  8 
temperature 
adult  size  78 
and  development  91-97 
determining  course  of  events  in 
adult  life  95-96 
relationship  between  LOT  and 
SET  92-95 

and  diapause  276-279,  280, 

285.  289 

effects  of  low  328-332 
extremes,  tolerance  to  96-97 
fecundity  88,  89.  90,  96 
and  food  consumption  202-203 
and  frequency  of  short  flights  234 
hatching  rate  varying  with  68 
life  span  decrease  with  90-9 1 
and  melanism  26 
mating  advantage  26-27 
and  oviposition  233 
oviposition  period  88 


pupal  colouration  7 6 
pupal  size  74 
pupation  timing  and  7 5 
and  rate  of  natural  increase  143 
reproduction,  effect  on  96 
storage,  developmental  stages  332 
tolerance  to  extreme  9 6-9  7 
temporal  guild  partition  344 
temporal  niches  128 
temporal  patterns,  prey  density  211 
temporal  variation,  colour  pattern 
polymorphism  2 5 
ten  spot  ladybird  see  Adalia 
decempunctata 

teneral  development  76-77 
thermal  requirements  95-96 
terpenoids,  coccuiellid  avoidance  of 
458 

testicular  follicles,  diapause  283, 
310,  318.  321-323 
tethered  flight  303,  315-316 
Tetrabrachini  tribe  9 
Tetrarnorium  caespitum  381 
Tetranychus  evansi  119,  196,205. 
224 

Tetranychus  lintearius  119,  200. 

224,  299,  498,  506 
Tetranychus  mcdanieli  196,  490 
Tetranychus  telarius  see  Tetranychus 
urticae 

Tetranychus  urticae  67,  152,  187, 

196,  354.  532 

Tetrastichus  coccinellae  see  Oomyzus 
scaposus 

Tetrastichus  cydoniae  386 
Tetrastichus  decrescens  385 
Tetrastichus  epilachnae  385 
Tetrastichus  409 
Tetrastichus  orissaensis  386 
Tetrastichus  melanis  see  Oomyzus 
scaposus 

Tetrastichus  sexmaculatus  see  Oomyzus 
scaposus 

Thalassa  saginata  7 6 
Thanatus  354.  532 
Thea  vigintiduopunctata  see  Psyllobora 
vigintiduopunctata 
Thelaxes  dryophila  189 
thelytokous  parthenogenesis  391. 
406 

Therioaphis  maculata  see  Therioaphis 
trifolii 

Therioaphis  trifolii  193,  211 
thermal  constants  92 


thermal  guild  partition  344-345 
thermal  melanism,  pupae  7 6 
thermal  microhabitats  7 5 
thermal  window  9 5 
thermoregulatory  basldng  125 
thirteen  spot  ladybird  see  Hippodamia 
tredecimpunctata 
Thomsonina  see  Nothoserphus 
three-banded  lady  beetle  see  Coccinella 
trifasciata 

three-striped  lady  beetle  see  Brumoides 
suturalis 

Thrips  tabaci  75,174 
thrush  nightingale  see  Luscinia 
luscinia 

tiger  moths  see  Arctia 
tillage,  reduction  of  502,  503 
tobacco  budworm  see  Heliothis 
virescens 

top  predators,  coccinellids  as 
354-355 

total  food  consumption  202-204 
toxicity,  pesticides  506-509 
toxic  prey  146,  157-165 
toxic  substances  in  prey  451^52 
toxins,  insect-resistant  GM  crops 
505-506 

Toxoptera  aurantii  225,450 
Toxoptera  citricidus  146,  163,  196 
control  of  494 

Toxoptera  graminum  see  Schizaphis 
graminum 

tracks,  larval,  oviposition  deterrence 
229-233 

trade-offs,  genetic  28-29 
transgenic  plants  122-123 
transverse  lady  beetle  see  Coccinella 
transversoguttata 
traps  for  sampling  113-114 
tree  pipit  see  Anthus  trivialis 
tree  sparrow  see  Passer  montanus 
trees 

age  of  122 

and  coccinnelid  abundance  131, 
132 

habitats  129 
sampling  from  113 
Trialeurodes  vaporariorum  66,  174. 

195 

triangular  fecundity  function  86. 

87 

Trichogramma  evanescens  170.  353 
Trichogramma  358,  363,  386 
Trichomalopsis  acuminata  386 
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Trichomalopsis  386.  389 
Trichomalopsis  duhia  389 
trichomes  2(X),  217.  227.  353.  504 
Trichoplusla  ni  1 70.  3 5 3 . 4 79 
Trichosanthes  kirilowii  201 
Tripkurospermum  rnaritimum  117. 
121 

Tripolycystus  see  Metastenus 
Triticum  153 

tritrophic  studies  196-198 
trophic  eggs  69.177 
trophic  pathway  475.  476.  477. 
481 

Tsuga  153.175 
Tuherculatus  annulatus  58.  153. 

158 

Tuherolachnus  salignus  153.  188 
Tuhulinosema  hippodamiae  418-419 
Turdus  rnenda  379 
Turdus  philomelos  379 
turnip  aphid  see  Lipaphis 
pseudohmssicae 
twelve  spotted  ladybeetle  see 

Coleomegilla  maculata  Imgi 
twenty  four  spot  ladybird  see 
Subcoccinella 
vigintigiiatuorpunctata 
twenty-spotted  lady  beetle  see 

Psyllobom  vigintimacidata 
twenty  two  spot  ladybird  see 

Psyllobom  vigintiduopunctata 
twice-stabbed  lady  beetle  see 
Chiloconis  stigma 

two  spot  ladybird  see  Adalia  bipunctata 
two-spotted  spider  mite  see 
Tetranychus  urticae 
Typha  latifolia  152 
Tyria  164 

Tytthaspidini  tribe  6-7 
Tytthaspis  sedecimpwictata  81.  131. 
142.  155.  183.  184.  200. 

241.  309.  312.  378.  393. 
399.  420 
diet  of  200-201 
dormancy  behaviour  312-313 
mandible  183 

Tytthaspis  trilineata  see  Coccinella 
nigrovittata 

Uga  colliscutdlum  400 
Uga  coriacea  400 
Uga  digitata  400 
Uga  hemicarinata  400 
Uga  javanica  400 
Uga  menoni  400 


Uga  sinensis  400 
Uga  species  399.  400.  400 
Ulmus  314 
Utiaspis  citri  492 
Unaspis  euonymi  190.202 
Unaspis  yanonensis  190 
univoltine  species  90 
univoltinism 

Chiloconis  spp.  298 
C.  septempunctata  279.  280.  281. 

283.  284.  285 
Hip.  convergens  292 
potential  multivoltines  2 8 6-2  8 7 
resilience  300 

upper  temperature  threshold  92 
Uroleucon  aeneum  158.  191 
Uroleucon  ambrosiae  163 
Uroleucon  cichorii  217.  238 
Uroleucon  cirsii  153.188.191. 

195 

Uroleucon  compositae  61.  148.  195 
Uroleucon  forniosanum  195 
Uroleucon  jaceae  195.  217 
Uroleucon  nigrotuberculatum  126 
Uroleucon  species  148.216.217. 
238 

Urtica  dioica  117.  121.  126.  150. 
153.  501 

vacuum  sampling.  D- Vac  112 
vagility.  interspecific  differences  in 
234 

variegated  lady  beetle  see  Hippodamia 
variegata 

vedalia  beetle  see  Rodolia  cardinalis 
vegetation  diversity  and  aggregative 
numerical  response  213 
Verania  see  Micraspis 
Verbascwn  thapsus  312 
vertebrate  predators  377 
vertical  distribution  of  coccinellids  on 
host  plant  122.  125 
Verticillium  lecanii  see  Lecanicillium 
lecanii 

Vesiciilaphis  caricis  191 
vetch  aphid  see  Megoura  viciae 
vetch  or  tare  see  Vida  sativa 
Vibidia  duodecimguttata  81.  313. 
316.  378 

Viciafaba  58.88.91.123.160- 
161.  165.  169.  196.  197. 
210.  225.  237.  452 
Vida  sativa  160 
Vigm  unguiculata  subsp.  cylindrica 
160 


Virginian  pencil  cedar  see  juniperus 
virginiana 

vision  222.223-224.239 
visual  counting,  sampling  method 
112 

vitellogenin  synthesis  327-328 
volatiles,  plant  200.  224-226. 
449-451 

link  to  aphid  density  456 
link  to  patch  preference  457 
voltinism  90.  300-301.  301 

see  also  bivoltinism;  multivoltinism; 
univoltinism 
voracity  155.489 
quantifying  467^68 

walnut  aphid  see  Chromaphis 
juglandicola 

warm  acclimation  326 
Wasmannia  auropunctata  449 
Watanabda  see  Nothoserphus  404 
water  content,  diapause  326 
water  ladybird  see  Anisosticta 
novemdedmpunctata 
wax  moth  see  Galleria  mellonella 
waxy  surfaces 

aphid  prey  165.166 
and  biological  control  504 
hostplants  124.206.217-218 
larval  protection  236.237. 

241 

weeds,  positive  effect  of  120.  121. 
126 

weight 

adults  78-82 
egg  clusters  5 7 
eggs  56 
larvae  73 
pupae  74-75 

western  corn  rootworm  see  Diabrotica 
virgifera 

western  plant  bug  see  Lygus  hesperus 
wheat  bug  see  Nysius  huttoni 
wheat  see  Triticum 

white  (or  yellow)  mustard  see  Sinapis 
alba 

wild  herb  habitats  127.128.129. 

131 

willow  aphid  see  Tuherolachnus 
salignus 

willow  warbler  see  Phylloscopus 
trochiliis 

window  traps  113.  305 
wing  polymorphism  27-28 
wings  and  winglessness  77 
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Witiuinia  somnifera  410 
Wolhachia  30.  iO,  38,  i9.  68.  176. 
349.  421,  422-423. 
424-425 

wood  ant  see  Formica  rufa 
wood  nuthatch  see  Sitta  europaea 
woolly  apple  aphid  see  Eriosoma 
lanigerwn 


woolly  vine  scale  see  Pulvinaria  vitis 
wormwood  see  Artemisia  vulgaris 

Xanthogaleruca  luteola  170 
Xy  parachute  (Xyp)  system  14-1 5 

yellow  lupin  see  Lupinus  luteus 
yolk,  eggs  55.56.82 


Y-tube  olfactometers  222,  223,  224, 

225 

(Z)-jasmone  450 
(Z)-pentacos-12-ene,  in  larval  tracks 
231,455 

Zagloba  aeneipennis  236 
Zeamaijs  1S2,  182,  182.  227 


